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The stability of gold catalysts in the low-temperature water-gas shift (WGS) reaction was 
investigated. The deactivation mechanism of the benchmark catalyst, 2 wt% Au/CeZrO4 
was probed using microscopy and spectroscopy. After exposure to reaction conditions, 
particle agglomeration and morphological changes were observed. These were thought to 
contribute to the deactivation of the catalyst. Improvements to the stability of the 
benchmark catalyst were attempted by modification of the supported metal and the 
support. 
A series of 2 wt% Au, AuPd and Pd / CeZrO4 catalysts were prepared by deposition 
precipitation and screened for their WGS activity and stability. It was shown that the 
addition of Pd resulted in a significant decrease in the catalytic activity. There was no 
change in catalyst stability. Several characterisation methods showed that there was a 
particle size effect that explained the catalytic activity. 
A series of Mo-doped CeZrO4 supports were prepared and characterised. After the addition 
of 2 wt% Au, the catalysts were screened for their WGS activity. Mo appeared to poison the 
catalysts and the stability remained unchanged. 
The role of the support was examined by comparing CeZrO4 to Ce0.5Ti0.5Ox and Ce0.5Al0.5Ox. 
Ce0.5Ti0.5Ox was the subject of further work after it was shown that Au/Ce0.5Ti0.5Ox was as 
active as and more stable than Au/CeZrO4. A series of 2 wt% Au/CeaTi1-aOx (where a= 0, 0.1, 
0.2, 0.5, 0.8, 0.9 and 1) were screened for their WGS activity and stability. Au/Ce0.2Ti0.8Ox 
was more active and more stable than Au/CeZrO4. Characterisation revealed that the most 
active and stable catalysts featured a high surface area, small crystallite size, high 
reducibility and high concentration of oxygen defect sites. These properties were 
concluded to facilitate highly dispersed gold while providing strongly anchored 
nanoparticles that resulted in an active and stable catalyst. 
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Abstract 
The stability of gold catalysts in the low-temperature water-gas shift reaction (WGS) was 
investigated. Using state-of-the-art electron microscopy and x-ray photoelectron 
spectroscopy, the deactivation mechanism of 2wt% Au/CeZrO4 was probed. After exposure 
to reaction conditions, particle agglomeration and morphological changes were observed.  
Two strategies were developed to improve the stability of an Au/CeZrO4 catalyst: 
Modification of the supported metal and modification of the support. The former strategy 
involved the addition of Pd the catalyst, while the latter consisted of the use of sub-surface 
Mo dopants and the substitution of Zr for Ti or Al. 
A series of 2wt% Au, AuPd and Pd supported on CeZrO4 catalysts were prepared by 
deposition precipitation (DP) and screened for their WGS activity and stability. It was shown 
that the addition of Pd resulted in a significant decrease in the catalytic activity. There was 
no change in catalyst stability. Several characterisation methods showed that there was a 
particle size effect that explained the catalytic activity. 
A series of Mo-doped CeZrO4 supports were prepared and characterised using several 
characterisation methods. After the addition of 2wt% Au, the catalysts were screened for 
their WGS activity. It was shown that Mo poisoned the catalysts and there was no 
improvement to the catalyst stability.  
The role of the support was examined by preparing Ce0.5Ti0.5OX and Ce0.5Al0.5OX by a sol-gel 
methodology. After the deposition of Au by DP the catalysts were tested for WGS activity 
and stability and compared with an equivalent 2wt %Au/CeZrO4 catalyst. The 2 wt% Au/ 
Ce0.5Ti0.5OX was the most stable catalyst and was as active as 2 wt%Au/CeZrO4. Ce0.5Ti0.5Ox 
was the subject of further work to establish the effect of the Ce:Ti ratio. Gold catalysts 
prepared by DP on CeaTi1-aOX (where a = 0, 0.1, 0.2, 0.5, 0.8, 0.9 or 1) were screened for 
WGS activity and stability before being characterised. Au/Ce0.2Ti0.8OX exhibited the same 
stability as Au/Ce0.5Ti0.5OX but achieved an even higher conversion. Characterisation showed 
that Au/Ce0.2Ti0.8OX had similar chemical properties to the Au/Ce0.5Ti0.5OX and an even 
higher surface area. The combination of defect sites, a high surface area, and a small 
crystallite size were concluded to be the key properties for an active WGS catalyst support.  
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Glossary of terms 
Term Definition 
ADF Annular Dark Field 
BE Binding energy (eV) 
BET Brunauer-Emmett-Teller 
BF Bright Field 
CCD Charge Coupled Device 
CEM Controlled Evaporaotr Mixer 
CO-DRIFTS Carbon monoxide - Diffuse Reflectance InfraRed Fourier Transform Spectroscopy 
DF Dark Field 
DFT Density Functional Theory 
DP Deposition-precipitation 
DTA Differential Thermal Analysis 
EDX Energy Dispersive X-ray spectroscopy 
ETEM Environmental Transmission Electron Microscopy 
EXAFS Extended X-ray Absorption Fine Structure spectroscopy 
FAD Formic Acid Decomposition 
FT Fourier Transform 
FTIR Fourier Transform InfraRed spectrscopy 
FWHM Full Width Half Maximum 
GC Gas Chromatography 
HAADF High-Angle Annular Dark Field 
ICDD International Centre for Diffraction Data 
IR InfraRed 
MC Mechano-Chemically 
MCT Mercuray Cadmium Telluride 
MFC Mass Flow Controller 
MP-AES Microwave Plasma-Atomic Emission Spectroscopy 
PC Personal Computer 
PEMFC Proton Exchange Membrane Fuel Cell 
PZC Point of Zero Charge 
SEM Scanning Electron Microscopy 
STEM Scanning Transmission Electron Microscopy 
STM Scanning Tunnelling Microscopy 
TCD Thermal Conductivity Detector 
TEM Transmission Electron Microscopy 
TGA Thermal Gravimetric Analysis 
TPO Temperature Programmed Oxidation 
TPR Temperature Programmed Reduction 
WGS Water-Gas Shift 
XANES X-ray Absorption Near Edge Spectroscopy 
XPS X-ray Photo-electon Spectroscopy 
XRD X-Ray Diffraction 
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Chapter 1 
Introduction 
1.1. Catalysis in context 
1.1.1. Catalysis in society 
Human beings first took advantage of catalysis in the production of alcohol from sugars 
using yeast many thousands of years ago, but only in the last few hundred years has 
catalysis emerged as a scientific field in its own right. Although Jöns Jacob Berzelius is 
credited with defining the term “catalysis” in 1835, it was as early as 1552 that the first 
reference to catalysis was made when Valerious Cordus used sulphuric acid to catalyse 
the conversion of alcohol to ether.1-3 Catalysts are as ubiquitous as chemistry itself, 
existing all over the world and throughout the universe on some of the largest and 
smallest scales imaginable: Carbon, nitrogen and oxygen catalyse the fusion of protons 
to make helium in certain stars on an astronomical scale4 while microscopic enzymes 
catalyse countless biological processes in all living organisms. Today, catalysts power 
countless industrial processes that are integral to society and it is estimated that 85-
90% of the products of the chemical industry are made using catalysis.5 A catalyst is a 
material that increases the rate of a reaction but is not consumed in the reaction. It 
affects the kinetics of a reaction but not the thermodynamics. Heterogeneous catalysts 
are almost always solids and can be formed from many of the elements in the periodic 
table. Often the active phase of a heterogeneous catalyst is dispersed on a catalyst 
support, such as a metal oxide. This type of catalyst, known as a supported metal 
catalyst, typically consists of finely dispersed metals. When divided into 
nanoparticulate form, their properties are dramatically different from the bulk 
material and this principle is exploited in heterogeneous catalysis. 
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1.1.2. Catalysis by gold 
One of the landmark discoveries in heterogeneous catalysis was that gold, when finely 
divided, is a remarkably active material. First predicted by Hutchings6 to be the most 
active catalyst for the hydrochlorination of acetylene based on the standard electrode 
potential, gold’s high activity was subsequently reported for low-temperature CO 
oxidation by Haruta.7  
Catalysis by gold has become an increasingly important field of catalysis in recent 
years. Since the seminal work of Haruta and Hutchings it has been demonstrated that 
nanoparticulate gold can catalyse the oxidation of numerous molecules, such as 
carbon monoxide, saturated hydrocarbons,8 benzyl alcohol9 and glycerol.10 Hutchings 
and Hashmi published a review in 2006 that described the extensive research carried 
out on gold catalysts for homogeneous and heterogeneous processses.11 Since then, 
the field has continued to grow and even review articles are being published on gold 
catalysts for specific sets of reactions such as organic reactions,12 CO oxidation13 and 
the water-gas shift (WGS) reaction.14 Recently a gold catalyst was commercialised in 
the production of the vinyl chloride monomer for the production of polyvinyl chloride, 
cementing the precious metal’s significance to both academia and industry.15 These 
developments have been made alongside the optimisation and discovery of new 
synthesis methods and gold catalyst systems. Furthermore, gold has been combined 
with numerous metals to create novel nano-alloy catalysts such as Au-Pd,9 Au-Cu,16 
Au-Pt,17 Au-Ag18 and Au-Re,19 demonstrating its versatility. Overall, gold catalysis is a 
significant field of research in heterogeneous catalysis and research in this area has led 
to the discovery of some of the most active catalysts known for certain reactions. 
1.1.3. Catalysis by ceria 
Cerium oxide, CeO2, and the many formulations of mixed metal oxides that contain 
cerium have emerged as one of the most important materials in catalysis. Ce-based 
oxides are of major significance to researchers and industry, notably in their 
application to automotive catalysis.20, 21 There are many properties of Ce-based oxides 
that make them attractive catalytic materials to work with although the redox 
properties of the materials are undoubtedly one of the main reasons for their 
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popularity. The origin of these properties lies in the fact that cerium can easily cycle 
between the +3 and +4 oxidation states and thus can be used as an oxygen storage 
material as well as participate in reactions. This is in contrast to an ‘innocent’ support 
such as SiO2, which does not exhibit analogous redox properties. These redox 
properties can be enhanced by introducing a second metal to form a mixed metal 
oxide. The addition of zirconia to ceria for example, results in an enhancement of the 
oxygen storage capacity and the number of defect sites in the material, the latter of 
which facilitate the activation of water and serve as nucleation sites for supported 
metals.20, 22 This in part explains its triumph in three-way catalysts in the form of the 
mixed metal oxide ceria-zirconia.23 Many other metals have been added to ceria that 
have generated novel, valuable materials. These include Ti,24 Pr,25 Hf,25 Mg20 and many 
more.  
1.2. The water-gas shift reaction: past, present and future 
The water-gas shift (WGS) reaction is a chemical reaction between water and carbon 
monoxide that produces hydrogen and carbon dioxide, shown below: 
CO(g) + H2O(g) ⇌ CO2(g) + H2(g) 
As a source of H2, the WGS reaction has historically been utilised in ammonia 
synthesis26 and methanol synthesis and continues to be used today.27 It is also of 
industrial significance because it can be used to adjust the proportion of CO/H2 in 
reforming reactions, which produce H2-rich gases (also containing CO, H2O, N2 and 
CO2) from hydrocarbons.
28 The reformate must be passed from the reformer to a shift 
reactor and then to a catalytic preferential oxidation reactor to reduce the CO content 
to less than 100 ppm, and in some cases down to a few ppm.29 As a moderately 
exothermic reaction (Δ Ho298= −41.1 kJ mol
-1) the highest conversions can be achieved 
at low temepratures. Industrial catalysts are based on copper-zinc-aluminium oxide 
systems (low-temperature WGS) and iron-chromium oxide systems (high-temperature 
WGS).  
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1.2.1. The water-gas shift reaction for the hydrogen economy 
The WGS reaction has seen a renewed interest in recent years in the context of the 
emerging H2 economy, specifically for gas purification in proton-exchange membrane 
fuel cells (PEMFCs). PEMFCs are a new generation of fuel cells that can operate at low 
temperatures (below 150 oC) and pressures (atmospheric), the applications of which 
include transport, stationary and portable power generation.30 Therefore the WGS 
reaction could be a vital reaction step in the production of future power sources. 
PEMFCs use H2 to conduct protons and generate electricity. They are extremely 
sensitive to CO; Pt electrodes can tolerate only a few ppm of CO exposure so it is vital 
that the gas streams are ultra-pure. H2 that is generated from syngas contains CO and 
therefore must be removed. The WGS reaction has been recognised as an ideal 
reaction to minimise CO impurities as it generates one mole of H2 for every mole of CO 
that is removed. However, the current WGS catalysts are not appropriate for this 
application; the most stable catalysts based on Cu/ZnO are not intrinsically active 
enough and require pre-reduction steps. Further, they are pyrophoric when activated 
so pose a safety concern, especially in the context of applications in transport. The 
most active catalysts are based on supported precious metals that are not stable 
enough for commercial application. 
1.2.2. The benchmark catalyst: Gold supported on ceria-zirconia 
One of the strongest candidates for a catalyst to be utilised in fuel cell technology is 
gold supported on ceria-zirconia, Au/CeZrO4. In this section, a detailed description of 
this catalyst, including the proposed active site and deactivation mechanism will be 
presented and the limitations of the current system will be described. 
Au/CeZrO4 was first developed by Johnson Matthey and Queen’s University, Belfast.
31 
As part of a collaborative project with Johnson Matthey, a number of precious metals 
supported on a selection of reducible supports were screened, as shown in Figure 1.1. 
Au/CeZrO4 was identified as the most active catalyst compared to Au/CeO2, Au/TiO2 
and Pt/CeO2, especially at low temperatures. Au/CeO2 achieved 50% conversion at 
350oC whereas the Au/CeZrO4 catalyst achieved the same conversion at 140
oC. The 
dramatic decrease in the light-off temperature associated with the mixed metal oxide 
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support was reported to be due to the stabilisation of oxygen vacancies by zirconium, 
which was thought to be crucial for high activity. This explanation is consistent with 
other reports that show the enhancement in activity in CeZrO4 based catalysts.
32 
However, the importance of Ce vacancies was also reported; it was shown using DFT 
calculations that the binding of a gold cluster was strongest in a cation vacancy on a 
CeO2 support.
31  
The metal loading was optimised to 2 wt% using the catalyst preparation method of 
deposition precipitation, which was also more effective than preparing the catalyst 
using other methods, most likely because this method gives a narrow particle size 
distribution of metal particles a few nanometres in diameter.33 The role of the 
supported metal and the support itself are well understood in the gold-catalysed WGS 
reaction: CO adsorbs onto the edge of an Au nanoparticle while water is activated by 
oxygen defect sites on the support close to a metal nanoparticle, where OH groups are 
formed on the surface.31, 34, 35 COads and OHads then react to form a reaction 
intermediate, which finally decomposes into CO2 and H2. The active site therefore, is 
thought to be at the metal-support interface31 although the active phase of the 
catalyst is less clear. Gold exists in multiple oxidation states on supported catalysts36 
Figure 1.1 Catalytic activity under WGS conditions (2.0% CO, 2.5% CO2, 7.5% H2O, and 8.1% H2 
in N2) for 2% Au/CeZrO4 (●), 0.2% Au/CeZrO4 (■), 2% Au/CeO2 (×), 2% Au/TiO2 (♦), and 2% 
Pt/CeO2 (▲). Reprinted with permission from Tibiletti et al. Journal of Physical Chemistry B, 
2005, 109. Copyright 2005 American Chemical Society. 
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which change under reaction conditions and so identification of the active phase can 
be challenging. Initially, it was found that positively charged Au exists on the catalyst, 
but this rapidly reduces to metallic Au under reaction conditions.31 Recently it was 
proposed that Auδ+ species were not involved in the reaction due to their instability 
under reaction conditions. Instead it was thought that the active sites are formed 
during the reaction as the gold nanoparticles are locked into the support.37 
As stated above, the support facilitates the activation of water although it has also 
been shown to provide nucleation sites for gold nanoparticles.34, 36, 38-41 The role of 
oxygen vacancies in adsorbing water has also been investigated in the context of the 
WGS reaction. Ribeiro and co-workers compared Au/TiO2 and Au/Al2O3 for WGS 
activity and found that the superior activity of the Au/TiO2 catalyst was due to the 
support’s ability to activate water and provide high concentrations of hydroxyl 
species.42  
Despite the high activity of the Au/CeZrO4 system, rapid deactivation has been 
reported for this system which prohibits commercial application. Furthermore, there 
are conflicting reports of the most significant process that cause deactivation, which 
hinders efforts to design stable catalyst systems. Goguet et al.  published a model for 
the deactivation mechanism using a combination of in situ XPS, in situ CO-DRIFTS and 
DFT calculations.35 It was proposed that under reaction conditions, specifically in the 
presence of high concentrations of water, the gold nanoparticles de-wetted from the 
support and changed from hemi-spherical to spherical, as shown in Figure 1.2. This 
significantly reduced the metal-support interface – the proposed active site in this 
system. However, this process has not been directly observed experimentally. 
Figure 1.2 Schematic of the proposed deactivation mechanism showing the de-wetting of Au 
on CeZrO4 under reaction conditions. Reprinted with permission from Gouget et al. Journal 
of Physical Chemistry C, 2007, 111.Copyright 2007 American Chemical Society. 
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In situ EXAFS was used by Tibiletti et al. to disregard particle agglomeration on 
Au/CeZrO4 as a relevant deactivation process
31 although this has been reported as 
being the cause of deactivation in Au supported on Pr-doped CeO2
43 and on Au/CeO2.
44 
Karpenko et al. identified the mono-dentate carbonate formation as the primary cause 
of deactivation in Au/CeO2 catalysts
45 and later showed that changes in the oxidation 
state of Ce and Au were also significant.46 However, it is thought that CeZrO4 supports 
are not as susceptible to carbonate formation as CeO2.
35 In fact comparisons between 
Au/CeO2 and CeZrO4 must be made with caution. It has been shown that the reaction 
mechanism is highly sensitive to the catalyst preparation and formulation34 and the 
same sensitivity could apply to the deactivation mechanism. 
The sensitivity of similar systems has been demonstrated by investigation of different 
facets of CeO2. It was shown that for CO oxidation, CeO2 nanowires and nanorods were 
the most active morphology compared to nanoparticles. This high activity was 
attributed to an abundance of exposed surface reactive (100) and (110) planes.47 It 
was also shown using environmental transmission electron microscopy (ETEM) that 
when gold was supported on CeO2 nanorods, the resultant catalyst was highly stable 
under redox cycles and resistant to sintering up to 300 oC.48 However, water was not 
included in the gas feed, which has been shown to be crucial to the deactivation rate.35 
In addition, the particle size of the support plays an important role in determining the 
redox properties of the catalyst as well as the number of defect sites.49 
While no microscopic studies have been reported on the Au/CeZrO4 system, fresh and 
used Au/CeO2 catalysts were analysed by HAADF STEM after exposure to a mixture of 
CO and H2O at 290
 oC.50 Evidence of particle agglomeration was found as well as a 
change in morphology in the Au nanoparticles. Furthermore, the specific facet of the 
support that the gold was attached to was shown to heavily influence the stability 
under water-gas shift conditions. While this work highlighted the importance of 
sintering in these systems, the catalytic testing was carried out at high temperatures 
and the gas composition did not include CO2 or H2, both of which have been shown to 
be important in the deactivation mechanism.35, 44 Several publications on Au/CeZrO4 
have been reported although a detailed microscopic investigation remains to be 
carried out, despite it being one of the most powerful tools available to characterise 
these systems. The discordance in the literature is most likely due to the wide range of 
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preparation methods and reaction conditions studied. In addition, it highlights the 
important role of the support in determining the stability of the catalyst. 
1.3. Supported precious metal catalysts for the low-temperature 
water-gas shift reaction  
In this section, the recent publications on developing precious metal catalysts, in 
particular gold, for the low-temperature WGS reaction are discussed. In addition, 
recent breakthroughs in the fundamental chemistry associated with the mechanism 
and design of catalysts for the WGS reaction are described.  
1.3.1. Monometallic systems 
Nanoparticulate metals, when supported on a high surface area support, have been 
shown to be highly active for low-temperature WGS. Gold was first identified as a 
remarkably active WGS catalyst by Andreeva et al. who reported the high activity of 
Au/α-Fe2O3 in 1996.
51 Platinum was also shown to be highly active for WGS when 
supported on metal oxides, although the highest activity of Pt catalysts was observed 
at higher temperatures than an equivalent gold catalyst.36 A comparative study of gold 
and platinum catalysts on zirconia and ceria-zirconia conducted by Trovarelli and co-
workers also showed that at lower temperatures gold is more active than platinum, 
making it an appealing element to explore.52 
Research into gold-based WGS catalysts has been intensive and several literature 
reviews have been published,34, 53 most recently by Tao and Ma.14 In this review, the 
importance of the support identity was discussed. Specifically, it was observed that 
non-reducible supports such as SiO2 and Al2O3 are not suitable catalyst supports 
whereas TiO2, CeO2 and Fe2O3 generally produce more active WGS catalysts. His 
reducibility is thought to facilitate the activation of water and drive the reaction. 
Numerous examples of gold catalysts that have been published and include Au/CeO2-
Ga2O3,
54 Au/CeO2-Fe2O3, 
55 Au/CeO2-SnO2,
55 Au/CeO2-MnO2,
55 Au/CeO2-TiO2
56 and 
Au/CeO2-Al2O3.
57 The latter study, conducted by Rodriguez and co-workers was a 
surface science study and therefore the activity is not comparable with studies carried 
out on conventional reactors. However, the study showed that the addition of Al2O3 
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stabilised Ce3+ on the surface of the catalyst which was conducive to high WGS activity. 
The former studies investigated the effect of an adding a second metal to Ce to form a 
mixed metal oxide support. Similarly, in these studies an abundance of Ce3+ was 
correlated with higher WGS activity. This was observed for CeO2-Fe2O3 and CeO2-
MnO2.
55 Vecchietti et al. reported that Au/CeO2 was more active than Au/CeO2-Ga2O3 
in the WGS reaction, but did not explain the origin of this observation. The variable 
conditions and catalyst preparation techniques have prevented conclusive 
comparisons being made between many of these catalysts. However, it has been 
widely reported that a reducible support is desirable as this facilitates the activation of 
water. Indeed, the most active catalysts are often supported on CeO2-based oxides. 
In addition to Au, many other transition metals have been screened for their WGS 
activity when dispersed on Ce-based oxides. These studies are summarised in Table 
1.2.  Pd has been the subject of many investigations, notably by Gorte and co-workers. 
58, 59 More recently, Fornasiero and co-workers showed that Pd@CeO2/Al2O3 was also 
active for the WGS reaction, reporting rates that were similar to Pd/CeO2. The CeO2 
shell protected the Pd from agglomeration and the porous structure allowed the 
transport of reactant gases. However, the over-reduction of the thin CeO2 shell quickly 
deactivated the catalyst.60 
Rh/CeO2 was investigated for WGS activity by Gorte and co-workers and it was shown 
that the activity was similar to that of Pd and Pt. Furthermore, the equivalent catalysts 
on Al2O3 were two orders of magnitude less active.
41 Cu/CeO2 was also reported to be 
active for WGS, although pre-reduction was required for high activity.61 Nickel was 
recently reported to be active, when prepared by urea-co-precipitation-gelation 
method, although the activity displayed was at a higher temperature than an 
equivalent Cu catalyst (250-300 oC). Ru/SiO2/CeO2 was investigated by Shinde et al.
62 
and was shown to be active for the reaction, although the intrinsic activity was much 
lower than for an equivalent Au catalyst. 
Overall, many transition metals have been dispersed on CeO2 and Ce-based oxides. NO 
reports have emerged that show a catalyst more active than Au. However, comparison 
of different catalysts with Au catalysts in the WGS reaction is problematic based on the 
current literature as the gas compositions and reaction conditions vary significantly. 
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For example, Hardacre and co-workers reported the activity of Au/CeZrO4 under a 
mixture of 2%CO, 2%CO2, 7.5% H2O and 8.1% H2
63
 whereas Gorte and co-workers
58 
used 25 Torr of CO and H2O to screen Pd/CeO2. Therefore comparison of the activation 
energy between such studies is not instructive. 
Table 1.2. Summary of literature data for various monometallic WGS catalysts with 
Ce-based oxides as supports. 
Catalyst 
Temperature 
(oC) 
Gas composition 
Conversion 
(%) 
Comments Reference 
Au/CeZrO4 150-270 
2% CO, 2% CO2, 
7.5% H2O, 8.1% 
H2 
95% at 200 
oC 
High active and 
unstable 
1 
Au/CeO2 250 
10% CO, 22% 
H2O, 6% CO2, 
43% H2 + N2 
90 
Catalyst 
prepared by DP. 
Unstable. 
2 
Pt/CeO2 300 
1.6% CO, 52.4% 
H2O, 41.9% H2 + 
N2 
90 
Catalyst pre-
reduced 
3 
Pd/CeO2 200 
25 Torr of CO 
and H2O 
- 
Addition of Fe 
to surface 
increased 
activity 
4 
Rh/CeO2 300 
20 Torr CO, 15 
Torr H2O 
<1 
Rh exhibited 
similar activity 
to Pt and Pd 
5 
Cu/CeO2 400 
6.5% CO, 
H2O,7.1% CO2, 
0.7% CH4, 42% 
H2, 28% + N2. 
73 
Catalyst was 
pre-reduced 
6 
Ni/LaOx/CeO2 400 
2 % CO, 10.7% 
H2O, 40% H2 + He 
>95 
No catalyst 
activation 
required 
7 
Ru/SiO2/CeO2 280 
1.3% CO and 
35% H2O 
99 
Highly 
selective 
8 
1.3.2. Bimetallic systems 
The earliest example of bimetallic gold catalysts for the WGS reaction was by 
Venugopal et al. 64 The authors examined Au-M/Fe2O3 catalysts where M= Ag, Bi, Co, 
Cu, Mn, Ni, Pb, Ru, Sn, or Tl. The catalysts were calcined at 400 oC and many of the 
bimetallic catalysts tested were reported to be more active than the unmodified gold 
catalyst. Although comparisons are difficult to make between research groups, it is 
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likely that the high calcination temperatures used would mean that an uncalcined 
catalyst would be more active than the bimetallic ones calcined at 400 oC.  This is 
because the particle size of gold would be expected to be much larger than an 
uncalcined catalyst. Tsang and co-workers prepared Au-Pd/CeO2 and Au-Pt/CeO2 by 
co-precipitation and also calcined the catalysts at 400 oC.65 They reported the particle 
size of the monometallic gold to be 22 nm. In the bimetallic catalysts, particularly Au-
Pt/CeO2, the particle size was smaller and a greater activity was reported. These data 
do not compare the bimetallic catalysts to the most active monometallic gold catalysts 
and so are not of great significance. The aforementioned paper by Tsang and co-
workers is the only experimental report on AuPd catalysts for the WGS reaction.65 Due 
to the catalyst preparation method, it is not comparable to the Au/CeZrO4 catalysts 
prepared by deposition-precipitation and the question of whether the AuPd bimetallic 
system is effective at catalysing the WGS reaction remains unanswered. 
1.3.3. Fundamental studies on the low-temperature water-gas shift 
reaction 
As well as rigorous screening of various formulations of precious metal/metal oxide 
systems, there has been a drive to understand the fundamental science of the WGS 
reaction, including the active sites and reaction mechanisms on precious metal 
catalysts. 
As mentioned earlier, Tao and Ma recently summarised the new advances in gold 
catalysed water-gas shift, including the nature of the active site. 14 Early spectroscopic 
work conducted by Tabakova and co-workers observed that metallic Au in contact with 
defective ceria was the active site in an Au/CeO2 system and that a formate 
intermediate is present in the reaction.66 However, Flytzani-Stephanopoulos and co-
workers reported that strongly associated non-metallic Au is in fact the active site for 
WGS.36 Subsequent studies on Au/CeGdO2,
67, 68 Au/CeOX/TiO2,
82 Au/TiO2,
69 and 
Au/Al2O3
70 proposed that metallic Au was the active component. 
The metal-support interface has been widely accepted as the active site on the 
catalyst.14, 35 The importance of the metal-support interface has been demonstrated by 
Rodriguez and co-workers by doping CeOX and TiOX onto model Au (111) surfaces.
39 It 
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was shown that the reaction occurred at the interface between the dispersed metal 
oxide and the bulk Au surface. 
The dynamic structure and properties of gold under WGS conditions makes it very 
challenging to identify the active site. Furthermore, common catalyst preparation 
methods such as deposition-precipitation result in a heterogeneous distribution of 
metal species with different intrinsic activities, thus separating the catalytically active 
sites from the spectator species is very challenging. The very recent work of Flytzani-
Stephanopoulos and co-workers attempted to address this issue using NaCN leaching 
studies and novel preparation routes to supported gold catalysts. They concluded that 
single atoms of ionic gold were the active sites.71 In addition, it has been shown that 
reducible supports are not essential for an active catalyst.71, 72 It has been 
demonstrated on TiO2,
71
 zeolites
73 and mesoporous SiO2
73 that the active site consists 
of atomically dispersed Au(OH)X or Au-O(OH)X-M (where M=Na or K). On zeolites and 
MCM-41, alkali metal dopants were used to facilitate OH groups at the surface rather 
than defective Ce-based oxides. It was found that the intrinsic activity of the catalysts 
was the same as gold supported on CeO2. The significance of this work is that it goes 
against the accepted dogma that a reducible support, often based on a formulation of 
cerium oxide, is required to produce an active WGS catalyst and that the active sites 
are gold nanoparticles. Furthermore, it clarifies the role of the support: to anchor gold 
and to create OH groups on the surface. This can demonstrably be achieved without a 
reducible support and means that a wider range of materials can be investigated as 
supports for gold. The same active site was found for alkali-promoted Pt catalysts on 
carbon nanotubes.74 
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A full understanding of the reaction mechanism of the low-temperature WGS reaction, 
including the active site, is necessary to optimise the design of catalysts. However, like 
the active site, the reaction mechanism of the WGS reaction is still hotly debated. 
Broadly speaking, there are two mechanisms that have been proposed: the redox 
mechanism and the associative mechanism. The redox or regenerative mechanism 
involves the oxidation of CO by O on the surface of the catalyst to form CO2. The 
support is then re-oxidised by H2O and forms H2 as a result.
14, 53, 75 76 The reaction 
pathway is illustrated in Figure 1.3 using Au/CeO2 as an example.
76 This reaction 
pathway is generally thought to occur at higher temperatures.14, 76, 77 However, the 
temperature range that is relevant to this investigation is below 220 oC. The main 
criticism of this pathway is that is does not take into consideration the reaction 
intermediates, which are more important at lower temperatures due to their longer 
lifetime on the surface. 
The associative mechanism by contrast, includes the reaction intermediates in the 
reaction scheme, although the identity of the intermediate is still debated. There are 
two candidate intermediates: the formate and the carboxyl intermediate. There are 
Figure 1.3 A reaction pathway of the redox mechanism. Reproduced with 
permission of Springer from D. Andreeva, Gold Bull., 2002, 35, 82. 
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also reports that a carbonate species is an important intermediate.34 Burch reviewed 
the literature on the mechanistic studies and reported that there is evidence for both 
the formate and carboxyl intermediates.34 It was also noted that the mechanism is 
likely dependent on the experimental conditions used in the study. Spectroscopic 
evidence has been reported for the formate species under realistic WGS conditions 
over Au/CeO2.
77-80 However, spectroscopically observed formate species have been 
shown to be insignificant mechanistically.81 Meunier and co-workers measured the 
rate of CO2 formation and the rate of formate decomposition and showed that the 
rates were significantly different.82 This could mean that a different species to the 
formate is the key intermediate, one that does not persist on the surface long enough 
for spectroscopic identification. It could also mean that not all formate species are 
equal. It is well known that there are a number of different adsorption sites on 
supported gold catalysts (corner, perimeter etc.) and these have different intrinsic 
activities in catalytic reactions. It is possible that there are spectator formates and 
reaction-relevant formates co-existing on the same catalyst. 
Bond recently discussed the possible mechanisms of the gold-catalysed WGS 
reaction.75 The similarity between the WGS reaction and formic acid decomposition 
(FAD) was noted and Bond suggested that both reactions could proceed through the 
same carboxyl intermediate (-COOH), making FAD a simple test reaction for WGS 
activity. This hypothesis was based on the similar activation energies observed on 
Au/SiO2 and Au/Al2O3 for both reactions between 100 and 300 
oC. Other researchers 
have also identified the similarities between the WGS reaction and FAD. Davis and co-
workers examined Pt/CeO2 catalysts for both reactions and identified a common 
intermediate on these catalysts: a bidentate formate.83 
Burch proposed a universal mechanism, taking into account the evidence for the redox 
and associative mechanism, as well as resolving the conflicting reports in the 
literature.34 This is illustrated in Figure 1.4. It was recognised that the reaction 
mechanism is heavily influenced by the conditions and the effect that the 
concentration of H2O or CO2 could have on directing the mechanism. 
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1.4. Strategies to stabilise supported metal catalysts 
The ultimate aim of this work is to design novel catalysts for the WGS reaction with the 
aim of improving their stability and understanding the properties that give rise to a 
stable catalyst. This section outlines the literature pertaining to the catalysts that were 
investigated in this work. The deactivation mechanism, as described above, is caused 
by a poor metal-support interaction. It was reasoned that strengthening this 
interaction would enhance the stability of the catalyst. Two strategies were identified: 
Modification of the supported metal through alloying and modification of the 
support itself. In the former, AuPd was selected as a candidate bimetallic system. 
Modification of the support involved attempting to introduce sub-surface dopants and 
to modify the mixed metal oxide. 
1.4.1. Modification of the supported metal 
Gold-palladium bimetallic systems have been shown to exhibit synergy for a number of 
chemical reactions, particularly liquid-phase oxidation reactions.84-88 The term synergy 
is often used to characterise the effect observed in these systems because the 
bimetallic catalyst formed of Au and Pd is significantly more active than the equivalent 
Figure 1.4 Proposed universal reaction mechanism for the WGS reaction. 
Reproduced from Ref 34 with permission from the PCCP Owner Societies. 
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catalyst comprised of the monometallic catalyst. Specific examples include benzyl 
alcohol and glycerol oxidation,88-93 as well as the direct synthesis of hydrogen 
peroxide89, 94, 95 and vinyl acetate synthesis.96 Despite the high activity of AuPd systems 
for many reactions, gas-phase reactions such as the low-temperature WGS have not 
been fully investigated. In lieu of sufficient studies on the WGS reaction, it is instructive 
to consider the literature available for these catalysts on CO oxidation. These 
publications, however, have focussed on non-reducible supports such as SiO2.
97, 98 
Consequently, direct comparisons with reducible supports such as CeZrO4 are 
problematic because it has been shown that the support is a significant parameter in 
determining catalytic activity for CO oxidation.99, 100 Pantaleo et al. studied a range of 
SiO2 supported AuPd catalysts and found that for a non-reducible support such as SiO2, 
Pd was the most active catalyst.101 The authors attributed the inactivity of Au catalysts 
to the larger size of Au nanoparticles compared to Pd, although the ability of Pd to 
activate O2 should also be considered significant. As Au cannot activate O2 it is 
expected that Au was inactive for CO oxidation and this was also reported by Huang et 
al.98 For TiO2-supported AuPd catalysts, Guczi et al. used a selection of preparation 
methods to achieve different nanostructured bimetallic catalysts.102 No significant 
synergy was observed in those catalysts, regardless of the preparation method, 
indicating that the presence of core-shell structures do not significantly affect the 
catalytic activity for CO oxidation. One possible explanation is the segregation of Au 
and Pd alloys that occurs in various atmospheres, including under exposure to CO, 
whereby the strong affinity of Pd for CO causes the Pd to migrate to the surface.103 
However, this structure insensitivity was also investigated by Lopez-Sanchez et al. 
using AuPd/TiO2 prepared by colloidal methods. They studied CO oxidation and 
concluded that the introduction of Pd to Au was not beneficial for the catalyst, 
however the underlying reasons were not investigated.104 
Recently, a number of theoretical and model catalysts studies predicted AuPd catalysts 
to be active for CO oxidation. In a density functional theory (DFT) study, Hwang and co-
workers attempted to rationalise AuPd interactions on AuPd(111) surfaces. Their 
calculations predicted that “partially-poisoned” Pd ensembles facilitate the activation 
of O2 and subsequent reaction with CO, making AuPd alloys highly active for CO 
oxidation.105 The importance of Pd in dissociating O2 has also been reported by 
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Goodman et al. in an investigation of model AuPd(100) surfaces.106 In this study it was 
shown that the contiguous Pd sites were able to dissociate O2. It was also highlighted 
that support and particle size effects should be less important on bimetallic catalysts 
compared to Au-only catalysts. Subsequently AuPd systems were predicted to exhibit 
high catalytic activity. It should be noted that these model studies involved low 
pressures (48 Torr) and thus do not necessarily reflect the dynamic conditions in a 
catalytic reactor, in addition to the fact that moisture levels have been shown to be of 
significance in the reaction mechanism.107, 108 Leitao et al. conducted a DFT study that 
predicted that Au and Pd should be highly active for the WGS reaction due to the low 
energy barriers associated with H2O dissociation and CO oxidation but this has not 
been demonstrated experimentally.109 
Overall, there is no consensus regarding the efficacy of AuPd systems for CO oxidation 
and WGS reaction. Of the few experimental reports that have been published, a full 
explanation of the implications of mixing Pd and Au for this reaction have not been 
given and while in situ vibrational spectroscopy has shed light on how CO interacts 
with the metal nanoparticles,103, 110 the literature remains somewhat disjointed on this 
topic. The AuPd bimetallic system was identified as a candidate for an active, stable 
catalyst because of its success in so many oxidation reactions, despite the lack of 
experimental reports for WGS and related reactions. The ease with which these two 
metals alloy also served as an incentive to explore this bimetallic system. 
1.4.2. Modification of the support 
Supported gold catalysts often suffer from deactivation through sintering and other 
mechanisms and as discussed above, the WGS reaction is no exception. There have 
been many attempts to stabilise such systems. In this section, research that has 
successfully achieved enhancements in stability through engineering the catalyst 
support will be described. 
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In a recent publication, Freund and co-workers showed that sub-surface dopants can 
significantly affect the properties of surface gold species in CaO model supports.111 In 
an undoped CaO (001) film, Au particle growth proceeded in a 3D manner, whereas 
when Mo was doped into the CaO matrix, 2D growth predominated, as shown in 
Figure 1.5. This effect was observed and investigated using STM and DFT. DFT showed 
that the binding energy of gold on the doped CaO was almost three times greater. 
The donation of electrons from Mo to the gold surface species was confirmed both 
experimentally and theoretically and led to strong electrostatic interactions between 
the negatively charged surface gold particles and the CaO film. Earlier reports of similar 
phenomena exist on ultra-thin films, but in these cases the electronic effect was 
induced by the metal substrate rather than a dopant.112, 113 Moreover, it has been 
demonstrated that surface dopants can induce similar effects.114, 115 While there has 
been interest in the doping of substrates to induce morphological and electronic 
effects on surface species, existing reports have been restricted to model studies on 
CaO or MgO and no experimental evidence exists for “real” catalysts exhibiting these 
properties. In the context of the deactivation mechanism of the gold catalyst, as 
Figure 1.5 The effect of Mo on the structure of Au nanoparticle STM images of a) Au on 
pristine CaO, b) Au on Mo-doped CaO with the corresponding height profiles (c) and 
aspect ratios (d). Reprinted from ref 104 with permission from John Wiley and sons.  
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studied in Chapter 3, this method of stabilisation is an ideal candidate for the 
Au/CeZrO4 catalyst system because it presents an opportunity to stabilise the gold 
nanoparticles without modifying the elemental composition of the surface. 
The formulation of the support is highly tuneable in Ce-based oxides and much 
research has been carried out in modifying the chemical composition of CeO2, as 
briefly discussed in Chapter 1.1.3. CeO2 itself is well known to possess remarkable 
redox properties and it has been shown, particularly in the context of automotive 
catalysis,23 that the addition of metals such as Zr to CeO2 can further enhance the 
quality of this material as a catalyst support. Since the early work of Fornasiero116 who 
reported that CeZrO4 possessed enhanced redox properties, many researchers have 
developed Ce-based materials for catalysis, using a number of elements from the 
periodic table to tune the properties of the final material to meet the desired 
specifications. CexZrx-1O2  has also been employed as a support for Au in low-
temperature water-gas shift31 and a review of ceria-based catalysts for water-gas shift 
has recently been published.117 Zr is not the only metal that can affect the chemical 
and textural properties of CeO2. Titanium and aluminium were both identified as being 
appropriate metals to substitute for Zr to form new mixed metal oxides. The following 
section describes the literature on these materials in the context of the WGS reaction. 
Ceria-titania 
Ceria-titania, although not as widely studied as ceria-zirconia has been investigated by 
numerous research groups as a catalyst support for CO oxidation118, 119 and dry 
methane reforming.120 Similar to ceria-zirconia, the addition of titanium to CeO2 gives 
enhanced redox properties. One of the earliest examples of CeO2-TiO2 being used as a 
mixed metal oxide support was by Mastelaro and co-workers, who supported CuO on 
CeO2-TiO2 and reported an enhancement in catalytic activity for methanol oxidation.
121 
The reasoning for this was partly ascribed to the enhancement in the textural 
properties of the materials. In Ce0.09Ti0.82Ox the surface area was 124 m
2 g-1 compared 
to 79 m2g-1 in the TiO2 only sample. A high surface area is a desirable property for a 
catalyst support as it allows a higher loading of supported metal to be deposited with a 
high dispersion. 
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Rodriguez and co-workers have made significant contributions to understanding the 
fundamental processes that occur in the WGS reaction using gold supported on 
CeO2/TiO2 as model catalysts. Recently they showed that Au/CeOX/TiO2(110) was 
remarkably active for low temperature WGS.56 The activity of this system was far 
higher than the activity of gold supported on CeO2(111) or Au/TiO2(110). It was shown 
using a combination of DFT and x-ray photoelectron spectroscopy (XPS) that the Ce3+ 
cation is stabilised on CeOX/TiO2(110) and this was thought to be the origin of the high 
activity. Rodriguez and co-workers also demonstrated the high activity of this support 
can be observed when other metals such as copper and platinum were deposited.122  
Ramirez-Lopez et al. found that the titanium precursor was important in sol-gel 
syntheses. In a comparison of titanium iso-propoxide and titanium butoxide, it was 
shown that the former precursor gave materials with higher surface area and oxygen 
mobility.123 
Ceria-alumina 
Ceria-alumina is not as widely studied as many Ce-based mixed metal oxides but 
alumina is ubiquitous in industrial catalysis, which is illustrative of its thermal and 
chemical stability. However, there have been several reports in the literature 
concerning Au/CeO2-Al2O3 catalysts for water-gas shift that are relevant, most notably 
performed by Andreeva and co-workers. They reported gold supported on ceria-
alumina for WGS prepared using a co-precipitation method to prepare CeO2 containing 
10 or 20 wt% Al2O3 and compared it to a conventional Au/CeO2 catalyst.
57 It was 
shown that the addition of alumina reduced the catalytic activity of the resultant gold 
catalysts. This was attributed to deep oxygen vacancies preventing re-oxidation of the 
catalyst surface, evidenced using Raman and TPR measurements. However, it was also 
noted that the stability of the gold and ceria particles was enhanced. These catalyst 
systems were also demonstrated to be active in NOX reduction using CO.
124, 125 
A subsequent publication by the same group showed the influence of the preparation 
method in these catalyst systems.126, 127 Mechano-chemically (MC) prepared CeO2-
Al2O3 exhibited high activity and stability for WGS when gold was supported on it, 
compared to the equivalent catalyst prepared by washcoating. The enhanced stability 
of the MC prepared catalyst was ascribed to the prevention of particle agglomeration 
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due to the presence of alumina. The ability of alumina to structurally stabilise catalysts 
is well established in industrial WGS catalysts.128 The MC prepared catalyst exhibited 
superior redox properties and this was thought to be the origin of its higher activity. 
While preparation through co-precipitation57 led to deep oxygen vacancies that could 
not be re-oxidised by water, MC preparation led to a catalyst that retained the redox 
activity of the CeO2 support while providing a sintering barrier that enhanced stability. 
It was suggested that the presence of a 3+ cation created oxygen vacancies in the CeO2 
and so further work was carried out on rare earth metals.  
Reina et al. studied promoted Au/CeO2/Al2O3 catalysts for the low-temperature WGS 
reaction. These supports were prepared by impregnating the alumina with nitrate 
precursors of Ce and a dopant (Zn, Cu or Fe).129 Each of the dopants enhanced the 
catalyst activity and Fe exhibited the highest activity. This was concluded to be a result 
of both redox and structural enhancement. 
It should be noted that in the works mentioned above (57, 126, 127, 129, 130) the reaction 
conditions were mostly irrelevant to fuel cell applications. CO and H2O were the only 
gases present, unlike reformate streams that contain high levels of H2 and some CO2. 
The presence of CO2 and H2 have been shown to significantly affect the stability of the 
catalysts and therefore the stability exhibited in those experiments might not 
necessarily be seen in actual reformers. 
Au/CeO2-Al2O3 was reported to be highly active, when prepared using a sol-gel 
technique for CO oxidation by Simakov and co-workers131 but this catalyst has not 
been studied in the WGS reaction. 
Overall, there are several reports that have shown that the addition of alumina to ceria 
can enhance the activity of a supported gold catalyst for WGS, if prepared using the 
correct methodology. However, the work published thus far has not fully investigated 
the stability of this catalyst under relevant WGS reaction conditions. Gold supported 
on mixed metal oxides of Ce and Al prepared by sol-gel has not been reported for 
WGS. 
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1.5. Project aims 
The aim of the project was to design a stable catalyst for the low-temperature water-
gas shift reaction based on the benchmark Au/CeZrO4 catalyst, while maintaining high 
catalytic activity. The first objective was to investigate the deactivation mechanism 
using state-of-the-art microscopy, the subject of Chapter 3, and combine this with the 
current understanding of the deactivation mechanism to inform the design of a novel 
catalyst. Two approaches to addressing the deactivation were identified: the 
modification of the supported metal by exploring AuPd/CeZrO4 catalysts, the subject of 
Chapter 4, and the modification of the catalyst support, described in Chapter 5. This 
involved the investigation of sub-surface dopants of Mo and substituting Zr for Ti or Al 
to form CeMOX as a support on which to deposit gold. 
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Chapter 2 
 
Experimental 
 
This chapter outlines the experimental methods used in this thesis. Catalyst 
preparation methods are explained, including the chemicals and their suppliers. In 
addition, the characterisation methods and the principles that govern them are 
described. The catalyst testing methods and reactor set-ups are also outlined. 
2.1. List of chemicals 
The following is a list of the chemicals used in this work, including the suppliers and the 
purity of the substances. 
Table 2.1 List of chemicals used 
Substance Supplier Purity 
Ce(NO3)3.6H2O Sigma Aldrich 99.99% 
ZrO(NO3)2.xH2O Sigma Aldrich 99.99% 
NH4OH Fisher Scientific 28-30 w/w% in water 
Na2CO3 Sigma Aldrich >99.0% 
(NH4)6Mo7O24·4H2O Sigma Aldrich 99.98% 
Al[OCH(CH3)2]3 Sigma Aldrich >98% 
Ti[OCH(CH3)2]4 Sigma Aldrich >97% 
HAuCl4 Alfa Aesar 99.99% 
PdCl2 Sigma Aldrich 99% 
TiO2 (P25) Degussa >99.5% 
CeZrO4 (Solvay) >99% 
CO2 BOC >99.99% 
H2 BOC >99.9% 
HPLC grade H2O Fisher Scientific - 
CO BOC >99.997% 
N2 BOC >99.99% 
5000 ppm CO/air BOC - 
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Scheme 2.1 Depiction of sol-gel preparation of CeZrO4 
2.2. Catalyst preparation 
This section describes the various methods of catalyst preparation that were used in 
this thesis. 
2.2.1. Preparation of CeZrO4 and molybdenum-doped CeZrO4 by sol-gel 
CeZrO4 mixed-metal oxides were prepared by a sol-gel method previously reported.
3 In 
a typical preparation, appropriate molar quantities of Ce(NO3)3.6H2O and 
ZrO(NO3)2.xH2O were added to deionised water (300 cm
3) at 80 oC, whilst stirring 
vigorously on a hotplate, in order to give the desired 1:1 molar ratio of Ce:Zr. Once the 
metal precursors had dissolved, NH4OH (0.5M) was added drop-wise until the pH 
reached 9. The reaction mixture was then immediately filtered under vacuum and 
washed with warm distilled water (600 cm3) before being left to dry in an oven 
overnight at 110 oC. The resultant solid was ground using a mortar and pestle and then 
calcined under flowing air at 500 oC for 5 hours using a ramp rate of 10 oC min-1. The 
final product was pale yellow in colour. A scheme showing the preparation of the 
CeZrO4 is shown below in Scheme 2.1.  
 
 
32 
 
Molybdenum-doped CeZrO4 was prepared through the standard sol-gel route but with 
the addition of the appropriate amount of (NH4)6Mo7O24·4H2O with the Ce and Zr metal 
precursors, to give nominal loadings of 0.1, 1, 2 and 5 wt% Mo-doped CeZrO4. 
2.2.2. Preparation of CeMOx using an ethanoic sol-gel method (where M=Ti 
or Al) 
Ce0.5Ti0.5Ox and Ce0.5Al0.5Ox supports were prepared using a sol-gel method with 
ethanol as the solvent.4 The appropriate amount of Ce(NO3)3.6H2O was dissolved in 
ethanol (150 cm3). The drop-wise addition of the appropriate amount of M-iso-
propoxide precursor (Al[OCH(CH3)2]3 or Ti[OCH(CH3)2]4) was then carried out before 
NH4OH (2M) was also added drop-wise until the pH reached 9. The temperature of the 
reaction mixture was increased to ~75 oC to remove the ethanol. Typically this process 
lasted for 30 minutes. The reaction mixture was then filtered and washed under 
vacuum with deionised water (500 cm3) before being dried overnight in an oven at 110 
oC. The resulting solid was ground using a mortar and pestle and calcined at 450 oC for 
5 hours with a ramp rate of 10 oC min-1. A typical synthesis of a Ce1-xTixO2 support is 
presented below in Scheme 2.2.  
Scheme 2.2 Ethanoic sol-gel preparation of Ce1-xTixO2 catalyst support 
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For materials where M=Ti, a range of materials was made with different molar ratios, 
and was denoted as CexTi1-xO2, where x = 0, 0.1, 0.2, 0.5, 0.8 and 0.9 and 1. Table 2.2 
below shows the amounts and concentrations used in each preparation.  
Table 2.2 Preparation details for preparation of CeaTi1-aOx materials 
Sample 
Mass of precursor used 
Moles of metal 
used 
Cerium 
nitrate (g) 
Titanium iso-propoxide 
(g) 
Ce Ti 
CeO2 8.65 0 0.020 0.000 
Ce0.9Ti0.1Ox 7.785 0.568 0.018 0.002 
Ce0.8Ti0.2Ox 6.92 1.136 0.016 0.004 
Ce0.5Ti0.5Ox 4.325 2.84 0.010 0.010 
Ce0.2Ti0.8Ox 1.73 4.544 0.004 0.016 
Ce0.1Ti0. x 0.865 5.112 0.002 0.018 
TiO2 0 5.68 0.000 0.020 
 
For the TiO2 support, it was necessary to acidify the reaction mixture using a few drops 
of concentrated HNO3 (70%, Fisher) in order to ensure the Ti-precursor stayed in 
solution before the addition of NH4OH. 
2.2.3. Deposition-precipitation (DP) of precious metals onto a support 
DP is a versatile and widely used method that can be used to deposit small 
nanoparticles of a metal onto a support.5 In a typical experiment, an aqueous solution 
of the metal precursor (HAuCl4 and/or PdCl2) was added to deionised water at 60 
oC. 
Then the appropriate quantity of support was added before Na2CO3 (0.05 M) was 
added drop-wise until the pH reached 8. The reaction mixture was then stirred for one 
hour before being filtered under vacuum and washed with deionised water (600 cm3). 
The catalyst was dried by placing it in an oven at 110 oC for 5 hours. A typical 
preparation is shown below in Scheme 2.3. 
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Scheme 2.3 Deposition-precipitation method for the preparation of Au/CeZrO4 
2.3. Catalyst characterisation 
2.3.1. Powder x-ray diffraction (XRD) 
XRD is an important method of structural characterisation, allowing information 
regarding the crystal structure and crystallite size of a solid sample. When incident x-
rays are directed at a powder sample, the photons are diffracted at angles 
characteristic of well-defined lattice parameters. In order for diffraction peaks to be 
generated, constructive interference of x-rays must occur. This happens when the 
distance between scatters i.e. the distance travelled by an x-ray is an integer of its 
wavelength. This is illustrated Figure 2.1. In a powder sample, where the crystals are 
aligned randomly, there is a sufficient degree of the sample that is orientated for 
constructive interference to occur, hence why powder samples are able to give well-
defined x-ray diffractograms.1 Using the Bragg equation the d-spacing can be 
calculated as follows: 
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𝑛𝜆 =  2𝑑𝑠𝑖𝑛𝜃  
Where n = the order of reflection (an integer), λ = wavelength of the x-rays, d =the distance 
between two lattice planes (Å) and θ = angle of the incident x-rays relative to the normal 
reflecting lattice plane. 
This can then be used to calculate the lattice parameter of a material using a further 
equation that relates to the crystal system of the sample of interest. In the case of 
cubic CeO2, it can be calculated thus: 
1
𝑑2
=
ℎ2 + 𝑘2 + 𝑙2
𝑎2
 
Where d = d-spacing (Å), h,k and l = corresponding miller indices for d-spacing reflection and a 
= lattice parameter (Å). 
The lattice parameter, or lattice constant is a measurement of the dimensions of a unit 
cell of a solid. Modification of the lattice parameter can indicate the presence of 
another component in a material and is therefore an important parameter to measure. 
A requirement of XRD is crystallinity, or long-range order. Larger crystallites give more 
narrow, sharper reflections in a diffractogram but for particles that are below 
approximately 100 nm in size, line broadening of these reflections occurs due to 
incomplete destructive interference of out of phase x-rays.2 
Figure 2.1 Illustration of diffraction of X-rays through a solid 
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This phenomenon allows information regarding the size of crystallites to be obtained 
using the Scherrer equation, shown below: 
< 𝐿 >=
𝐾𝜆
𝛽𝑐𝑜𝑠𝜃
 
Where < L > = dimension of the particle in the direction perpendicular to the reflecting plane, K 
= constant (usually 1), λ = wavelength of the x-rays, β = peak width and θ = angle of the 
incident x-rays relative to the normal reflecting lattice plane. 
 
Although XRD cannot accurately determine the sizes of small nanoparticles or 
elucidate the surface structure of catalysts, this method of characterisation is essential 
for the determination of structural properties of catalytic materials greater than 3 nm. 
Experimental 
Powder X-ray diffraction (PXRD) was performed on an X’PertPRO PANalytical 
instrument. A Cu Kα (1.54Ǻ) radiation source with a nickel filter, calibrated against a Si 
standard was used. Wide angle measurements were taken in the range of 2θ = 10 – 
80o. Approximately 0.3 g of sample was required for each experiment. 
2.3.2. N2 physisorption 
N2 physisorption is an essential tool when characterising materials such as catalyst 
supports. A specific surface area measurement was taken for each catalyst support 
that was synthesised. The technique is based on the adsorption of N2 and described 
below. 
Physisorption is a slightly exothermic process, governed by Van der Waals’ interactions 
and occurs over mono- and multi-layers of adsorbates. It is used to discern the total 
surface area of a material and does not discriminate between the active phase of a 
supported catalyst (such as metal nanoparticles) and the catalytically inert support 
itself. This is exploited in N2 physisorption by generating an adsorption isotherm of N2 
at very low temperatures. 
Isotherms are recorded by measuring the quantity of N2 adsorbed at different 
pressures, and the shape of the resultant isotherm can reveal a great deal about the 
solid sample. Figure 2.2 shows the six adsorption isotherms exhibited by different 
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types of materials. Typically, Type I is indicative of monolayer-only adsorption.2 Type II 
shows further adsorption after a monolayer has formed, indicating multi-layer 
formation that is indicative of a material with a large distribution of pore sizes.2 Type III 
indicates multi-layer formation of the adsorbate without a well-defined monolayer and 
is not typically observed for N2 adsorption on catalyst surfaces. Type IV is related to 
Type II but shows finite multi-layer formation, indicating the complete filling of pores.2 
This is exhibited by mesoporous materials. Type V is a similar to Type IV, but without 
the formation of a monolayer. Finally, Type VI occurs when the temperature of the 
analysis is near the melting point of the adsorbed gas and are characteristic of non-
porous materials with a homogeneous surface.2 
Point B is the point where saturation of the surface occurs and multi-layer adsorption 
proceeds. Application of the Brunauer–Emmett–Teller (BET) method to deduce the 
surface area of the support typically takes place at pressures up until this point of 
inflection.  
The BET equation is given below: 
 
𝑃
𝑉𝑎(𝑃0 − 𝑃)
=
1
𝑉𝑚𝐶
+
𝐶 − 1
𝑉𝑚𝐶
(
𝑃
𝑃0
) 
 
Where P = pressure, P0 = saturation pressure, Va = volume of gas adsorbed, Vm = volume of 
monolayer, and C = multilayer adsorption parameter. 
 
The surface area can then be determined as follows: 
 
𝑠. 𝑎. =  
𝑉𝑚𝜎𝑁𝑎
𝑚𝑣
 
 
Where σ = moleculer area of N2 (0.162 nm
2), Na = Avogadro’s number, m = mass of sample, v = 
molar volume of gas. 
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Experimental 
Nitrogen porosimetry was performed at -196 °C on a Quantachrome Quadrasorb SI 
instrument after each sample was evacuated for 2 h at 120 oC. Surface areas were 
calculated using Brunauer–Emmet–Teller (BET) theory over the range P/P0 = 0.05-0.2.  
2.3.3. H2-Temperature-programmed reduction (TPR) 
TPR is a widely-used characterisation method that allows precise determination of the 
temperature of reduction to be measured, which in turn can be used to extract kinetic 
information and infer other properties of a catalyst. Typically, the sample is exposed to 
H2 gas and the temperature is increased over time and the instrument measures the 
consumption of the gas as a function of temperature6 by a thermal conductivity 
detector (TCD) as shown in Scheme 2.4 or by a mass spectrometer. This methodology 
allows different reduction processes (e.g. surface and bulk reduction of a metal oxide) 
to be distinguished and quantified. 
Figure 2.2 Six adsorption isotherms that arise from different pore architectures.1 
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Scheme 2.4 Typical TPR set-up featuring a TCD as the analysis method 
H2-TPR can give vital information pertaining to the redox properties of a catalyst 
support, an important parameter of water-gas shift catalyst supports.7 Quantification 
of the H2 consumption in a TPR trace can enable the calculation of the stoichiometry of 
the starting oxide2 as well as indirect information regarding the metal dispersion of a 
supported metal catalyst. 
Experimental 
H2-TPR was carried out on a Thermo TPRO 1100 instrument. The gas feed was 10% 
H2/Ar, which was fed in at 50 ml min
-1 and the temperature was increased up to 800 oC 
at a ramp rate of 10 oC min-1 after pre-treatment at 110 oC in Ar for 45 minutes. In each 
experiment, 0.050 g of catalyst was used, which was placed in a quartz tube between 
two pieces of quartz wool.  
2.3.4. X-ray photoelectron spectroscopy (XPS) 
XPS is an important characterisation tool in catalysis for gaining information on the 
surface of a sample. It enables the determination of the elemental composition of a 
solid surface as well as the identification of the oxidation states of the elements within 
the sample and can even show evidence of metal alloying in nanocrystals.8 The basis of 
XPS is the photoelectric effect, which is depicted in Figure 2.3.2 In an XPS experiment, 
the sample being analysed absorbs an x-ray photon and a photo-electron is emitted. 
The kinetic energy of this electron can be measured and the binding energy calculated. 
The hole left by the emitted electron leaves an excited ionised atom, which relaxes 
through the filling of the core hole by an electron from a higher shell. Consideration of 
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the work function of each metal and the relative sensitivity factors enables 
quantitative information to be sought. Due to the short mean free path of electrons in 
solids, XPS is described as a surface sensitive technique, although in actual fact, the 
first twenty atomic layers can be probed, depending on the experimental parameters.1 
The binding energy is calculated by using the equation: 
𝐸𝑘 = ℎ𝑣 −  𝐸𝑏 − 𝜑 
Where Ek = kinetic energy, h = Planck’s constant, v = frequency of exciting electron, Eb = 
binding energy and φ = work function of the spectrometer. 
 
 
Figure 2.3 The photoemission of an electron.  
Each binding energy is characteristic of the element that the photo-electron originates 
from. This gives specific peaks in an XP spectrum that can be used to identify and 
quantify which elements are present in the sample and what oxidation state they are 
in. This is because the binding energy is dependent on numerous factors, referred to as 
either initial state effects (caused by the atom before photoemission) or final state 
effects (caused by the response of the core-ionised atom after photoemission).2 In 
supported catalysis, the binding energy of a given XPS feature will be determined by 
both of these effects. The binding energy can then be used to determine the oxidation 
states present, evidence of alloying8 and an indication of relative metal particle sizes of 
a supported metal.9 
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Furthermore, XPS can be used to infer information regarding the dispersion of the 
supported metal catalyst. This can be achieved by measuring the ratio of the 
supported metal concentration and the support concentration, Cm/Cs. Well dispersed 
metals will show a higher ratio, whereby more of the supported metal is detectable by 
XPS. Conversely, poorly dispersed metals will show a relatively low Cm/Cs as more of 
the supported metal is inaccessible to detection by XPS. This of course requires that 
the same number of moles of metal is on the surface of each catalyst. 
Experimental 
Measurements were made on a Kratos Axis Ultra-DLD XPS spectrometer, Figure 2.4, 
equipped with an AlKα X-ray 300 W source by Dr David Morgan, Cardiff University. The 
binding energies were standardised against a C 1s reference (284.7 eV). Peaks were 
fitted as Gaussian Lorentzian curves GL(30) using CasaXPS software. All spectra were 
fitted with Shirley backgrounds with the exception of the Ce 3d spectrum, which was 
fitted using a U Tougaard background. 
Figure 2.4 Kratos Axis Ultra-DLD XPS spectrometer 
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2.3.5. Diffuse-reflectance Fourier-transform infrared spectroscopy (DRIFTS) 
Infrared (IR) spectroscopy is a versatile tool for probing different properties of 
materials, particularly surface adsorption sites. In this work, carbon monoxide was 
used as a probe molecule to elucidate information regarding the adsorption sites of 
various catalysts. This method of characterisation is referred to as CO-DRIFTS. The 
general principles of infrared spectroscopy are described below, as well as the the 
concept of Fourier Transform spectroscopy and diffuse reflectance spectroscopy. 
The basis of infrared spectroscopy exploits the fact that molecules possess discrete 
levels of vibrational and rotational energy, which are related to their structure. 
Photons are absorbed by a molecule or functional group with the same energy to the 
incident photons, so the vibrations are resonant. Adsorption of IR radiation (1–1000 
mm or 10,000–10 cm–1) therefore reveals structural information about the sample. In 
order for a sample to be “IR active” the vibration of the molecule must result in a 
change in the dipole moment.  In a symmetrical diatomic molecule such as hydrogen 
or nitrogen there is no change in the dipole moment and they are said to be IR 
inactive. 
A Fourier transform (FT) is a mathematical operation widely used in spectroscopic 
characterisation that has greatly increased the power of IR spectroscopy. Conventional 
spectrometers use one wavelength of light sequentially and measure the absorbance 
or reflectance at a given wavelength. FT spectrometers use a light source of multiple 
wavelengths. These enter a Michelson interferometer, a configuration of mirrors that 
enables each wavelength of the beam to be transmitted and blocked, periodically. This 
occurs due to wave interference which is modulated by a moving mirror. The FT is used 
to generate a spectrum from the interferogram collected using the Michelson 
interferometer. A diagram of a Michelson interferometer is shown below in Figure 
2.5.10 
The development of diffuse-reflectance methodologies have enabled powders to be 
easily analysed with no sample preparation other than filling the sample well with the 
desired material. Ellipsoidal mirrors mounted above the sample concentrate scattered 
photons from a wide range of angles toward the detector. 
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Experimental 
DRIFTS measurements were taken on a Bruker Tensor 27 spectrometer fitted with a 
mercury cadmium telluride (MCT) detector and ZnSe windows. A sample was loaded 
into the Praying Mantis high temperature (HVC-DRP-4) in situ cell before exposure to 
N2 and then 1% CO/N2 at a flow rate of 50 cm
3 min-1. A background was obtained using 
KBr and measurements were recorded every minute at room temperature. Once the 
CO adsorption bands in the DRIFT spectra ceased to change, the gas feed was changed 
back to N2 and measurements were made until no change in subsequent spectra was 
observed. Unless stated otherwise, all catalysts were analysed in this way. 
2.3.6. Raman spectroscopy 
Raman spectroscopy is a form of vibrational spectroscopy similar to IR spectroscopy. 
When incident radiation comes into contact with a sample, it can be absorbed, 
transmitted or scattered. Raman spectroscopy exploits the inelastic scattering of 
photons, known as Raman scattering. This is equivalent to an energy change, or a shift 
in the frequency of the scattered radiation compared to incident radiation. The shift 
can be positive or negative, depending on whether there is an energy gain or loss. If a 
molecule gains energy, it is known as Stokes scattering while a loss in energy is termed 
anti-stokes scattering. If there is no energy change, this is elastic scattering, also 
known as Rayleigh scattering. A summary of these energetic processes is given in 
Figure 2.6, below. 
Figure 2.5 Diagram of a Michelson interferometer in a typical FTIR set-up 
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Also featured in Figure 2.6 is fluorescence. This is an undesirable process that can 
occur when a sample is illuminated with a laser of a frequency that promotes electrons 
to an excited electronic state that decays over multiple transitions to the ground state. 
This can occur over the entire Raman spectrum and obscure or hide Raman features. 
There are requirements for a molecule to be Raman active, known as selection rules. 
While In IR spectroscopy the molecule must have a change in the dipole moment, in 
Raman spectroscopy there must be a change in the polarizability. This relates to how 
the electronic structure in a molecule deforms in an electric field. Symmetrical 
molecules can be Raman active, but not IR active. 
Only a very small fraction of the photons that are present are due to Raman scattering 
and so an extremely sensitive detector is needed for this. A charge coupled device 
(CCD) is a suitable detector, which is made of a semiconductor. Electrodes on the 
surface of the CCD transfer electronic charge from one side of the semiconductor to 
the other. The intensity of the charge is proportional to the photons that are detected 
and therefore can be used quantitatively.  
 
  
Figure 2.6 Scheme showing vibrational energetic processes, where υ represent vibrational 
energy levels. 
IR absorption    Rayleigh      Stokes    Anti-Stokes  Fluorescence  
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Experimental 
Raman spectroscopy was carried out using a Renishaw ramascope using spectrophysics 
514 nm HeNe laser at a power of 20 mW. Spectra were obtained in the region of 500-
2000 cm-1. Approximately 50 mg of sample was used. 
2.3.7. Microwave plasma atomic emission spectroscopy (MP-AES) 
Microwave plasma atomic emission spectroscopy (MP-AES) is a powerful tool for 
conducting elemental analysis of catalyst samples. In this application, a nitrogen 
plasma is used to excite and vaporise the atoms in a liquid sample. This causes the 
electrons in the sample to go from a ground state to an excited state. When the atoms 
relax, a specific quantum of energy is released, in the form of photons. These have a 
wavelength that is characterised by the element of origin. 
The photons are detected by a charge-coupled device (CCD). Each wavelength is 
analysed sequentially, which although increases the time per sample, achieves very 
high sensitivity. 
This method also allows multiple wavelengths pertaining to the same element to be 
quantified – this reduces the possibility of interference from other elements that have 
similar emission wavelengths. The diagram in Scheme 2.5 shows a depiction of the MP-
AES methodology, while Figure 2.7 shows a photograph of the instrument. 
 
Scheme 2.5 Processes involved in the MP-AES methodology 
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Experimental 
The metal loadings of the catalysts were determined using an Agilent 4100 MP-AES 
spectrometer equipped with a nitrogen plasma. The catalyst sample (50 mg) was 
digested in aqua regia (4 cm3) overnight and the sample was diluted in deionised 
water up to a total volume of 50 cm3. Any remaining solids were filtered before 
analysing the final solution. 
2.3.8. Thermo-gravimetric analysis (TGA) 
TGA is a widely used characterisation tool that involves precisely measuring the mass 
of a sample as it is exposed to a specific environment. This can involve different gas 
environments and temperature programs. For example, the change in the physical or 
chemical state of a sample can be measured as temperature is increased under an 
oxidising environment. This type of analysis can be used to model calcination 
procedures and establish when the decomposition of a sample has taken place. 
Typically, the data is represented as mass loss as a function of temperature, allowing 
identification of water desorption, complete decomposition or reduction temperatures 
to be identified. In this work it was briefly used as a tool to establish an appropriate 
calcination program. In some applications, TGA can be coupled with IR spectroscopy or 
Figure 2.7 Agilent 4100 MP-AES instrument 
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mass spectrometry to identify and quantify desorption products. Furthermore, when 
the TGA analysis is carried out with an inert reference, the heat change can be 
measured in the sample relative to the reference. This is known as differential thermal 
analysis, DTA. DTA allows determination of whether a process is an exo- or endo-
thermic one and enables further insights to be made. Scheme 2.6 shows a typical set-
up for a TGA instrument. 
 
Scheme 2.6 Set-up of typical TGA instrument 
Experimental 
TGA analysis was carried out on a Perkin Elmer TGA 4000. Approximately 50 mg of 
catalyst was used. The samples were heated up to 800oC at a ramp rate of 30 oC min-1 
under 20 ml min-1 of flowing air. 
2.3.9. Electron microscopy 
Electron microscopy covers a range of techniques including scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM). Both of these 
techniques exploit the fact that electrons have characteristic wavelengths below 1 Å. 
While the resolution of conventional optical microscopes is limited to hundreds of 
nanometres, electron microscopes can achieve atomic resolution. Figure 2.8 below 
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depicts the Scheme representation of two relevant electron microscopy techniques.2 
Typically SEM instruments have resolutions limited to 5 nm although in practice this is 
often higher, while TEM can achieve atomic resolution. In a TEM instrument a beam of 
electrons is irradiated at a sample. Using condenser lenses, the electron beam is made 
into parallel rays that continue towards the sample. The focussed electron beam 
comes into contact and is attenuated by the solid sample. 
 
The attenuation depends on the density and thickness of the sample. The transmitted 
electrons then go on to form a “bright field” image. A proportion of the electrons will 
be diffracted by the sample. These can be detected by an annular dark field detector 
(ADF) and produce a dark field image. Many innovations have been applied to TEM to 
enhance the quality and quantity of information that can be extracted. The advent of 
scanning transmission electron microscopy (STEM) has meant that in combination with 
a high angle annular dark field (HAADF) detector, it is possible to generate images 
whereby the contrast is determined by the atomic number of an element, making the 
identification of nanoparticles on a support much easier, assuming a sufficient mass 
contrast between the two components. 
Figure 2.8 Scheme of transmission electron microscopy (TEM) and scanning 
electron microscopy (SEM) equipped with an energy dispersive x-ray (EDX) 
detector2 
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SEM uses a scanning electron beam that detects the secondary or backscattered 
electrons. This means the contrast is determined by the topology of the sample. The 
backscattered electrons typically come from deeper in the sample and are related to 
the atomic number of the constituent elements, as larger atoms will scatter the 
electrons more efficiently. 
Experimental 
SEM-EDX was carried out using JEOL 6610LV equipped with an Oxford Instruments 
energy dispersive X-ray (EDX) analyser. A Co standard was used to calibrate the EDX 
instrument. 
STEM HAADF was carried out at Lehigh University by Sultan Althahban under the 
supervision of Professor Christopher Kiely. A JEOL ARM 200CF AC-STEM instrument 
was used and the samples were prepared using the dry dispersion route: The catalyst 
powder was ground between two clean glass slides and then dry transferred onto a 
holey carbon TEM grid. 
2.4. Catalytic testing 
2.4.1. Water-gas shift  
Water-gas shift screening was carried out in a custom-made fixed-bed flow reactor 
shown in Figure 2.9 and Scheme 2.7. Typically the catalyst (0.150 g) was suspended 
between two pieces of glass wool in a steel reactor tube fitted with a stainless steel 
mesh to hold the catalyst in place within the bed. The catalyst bed was gently heated 
to reaction temperature (150 oC) under a flow of N2 at 7 
oC min-1. The gas feed 
consisted of 2% CO, 2% CO2, 7.5% H2O, 8.1% H2 and N2 to balance and was left to 
stabilise for 20 minutes before the reaction was started. This gas mixture is of a similar 
composition to a relevant syn gas mixture, although it is more dilute. The gases were 
introduced to the catalyst bed using mass flow controllers (Bronkhorst). The water was 
passed through a liquid-flow controller (Bronkhorst) into a controlled evaporator mixer 
heated to 140 oC where it was mixed with the carrier gas, N2. The total flow rate was 
100 ml min-1. The products were quantified using an on-line Gasmet Dx4000 Fourier 
Transform infrared spectrometer (FTIR). 
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Figure 2.9 Photograph of the water-gas shift reactor 
Catalyst 
bed 
MFCs 
Gasmet 
FTIR 
Scheme 2.7. WGS reactor set-up and in-set: modification of reactor to accommodate FAD. 
Where MFC = mass-flow controller, LFC = liqui-flow controller, CEM = controlled evaporator mixer 
and FTIR = Fourier transform infrared spectrometer 
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The above reactor set-up was selected to replicate the conditions previously reported 
by Hardacre and co-workers who pioneered the Au/CeZrO4 catalyst for the WGS 
reaction.3, 11-15 
2.4.2. CO oxidation 
CO oxidation was performed on a fixed bed flow reactor, shown in Scheme 2.8. In a 
standard reaction, the catalyst (0.020 g) was fitted between two pieces of glass wool in 
the glass U-tube, which was suspended in a silicone oil bath heated to 35 oC. N2 was 
used to purge the U-tube before 5000 ppm CO/synthetic air (BOC) was introduced at 
20 ml min-1 via MFCs (Brooks). The products were analysed by an on-line Varian gas 
chromatograph (GC) fitted with a thermal conductivity detector (TCD). The column was 
a custom Supelco 100/120 carbosieve SII – 10’ x ¼’’. 
 
2.4.3. Formic acid decomposition (FAD) 
FAD reactions were conducted using the same reactor as described for WGS 
experiments with one modification: A Drechsler bottle was installed containing 10% 
formic acid in water (inset, Scheme 2.6). A Peltier chiller was used to cool the bottle to 
Scheme 2.8 reactor Scheme of the CO oxidation set-up 
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7 oC and the N2 was passed through the bottle, giving a consistent flow of 1700 ppm of 
formic acid and 1500 ppm of H2O through the catalyst bed. Experiments were 
conducted at 85 oC and 0.050 g of catalyst was used. The total flow rate was 100 ml 
min-1. The decomposition of formic acid was quantified using the on-line FTIR 
instrument used in the WGS reactions. 
2.4.4. Benzyl alcohol oxidation 
Benzyl alcohol oxidation experiments were carried out by Dr Ewa Nowicka, at Cardiff 
University in a 50 cm3 glass stirred reactor as previously reported.16 In a typical 
reaction, the catalyst (0.02g) and substrate (1g) were charged into the reactor which 
was then purged with oxygen three times before closing and the pressure was 
maintained at 1 barg. The reactor was kept in a heating block, which was preheated to 
the reaction temperature (120 oC). The reaction mixture was stirred at 1000 rpm using 
a magnetic bar inside the reactor. After 1h reaction, the stirring was stopped and the 
reactor was rapidly cooled in an ice-bath. 
After cooling, the reactor was opened slowly and the contents were centrifuged. An 
aliquot of the clear supernatant reaction mixture (0.5 cm3) was diluted with mesitylene 
(0.5 cm3, external standard for GC analysis.). For the analysis of the products, a GC (a 
Varian star 3800 cx with a 30 m CP-Wax 52 CB column) was employed. 
2.4.5. Product analysis 
Gas chromatography 
Gas chromatography is a powerful tool that is widely used to separate and quantify 
molecules in the gas-phase. In this work it was utilised in the context of CO oxidation 
and benzyl alcohol oxidation. The basic principle involves the injection (and 
vaporisation, if necessary) of a sample, which is then separated using a column in an 
oven and then the detection of each component that allows identification and 
quantification of the sample. In reality, there are countless parameters that are 
optimised and tailored according to the properties of the analytes. The detector used 
must be appropriate for the sample being analysed. 
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For analysis of the CO oxidation products, a thermal conductivity detector (TCD) was 
used. For the analysis of benzyl alcohol oxidation, a flame ionisation detector was used 
(FID). 
A TCD consists of a temperature-controlled cell that compares the conductivity of an 
analyte to that of a reference gas, typically hydrogen or helium. A Wheatstone bridge 
is usually applied to achieve this. Most gases have a lower conductivity than He or H2 
and so when an analyte enters the detector, the resistance will increase and a signal is 
measured. One of the main advantages of a TCD is its ability to detect CO2, which 
would not be possible with an FID. A FID consists of hydrogen flame in excess oxygen, a 
cathode and an anode above the flame. The sample is combusted in the flame, which 
causes a change in current to be detected at the anode. This change in current is 
amplified to produce a signal that can achieve extremely sensitive levels. The main 
drawback is that it is a destructive technique, although this was not a concern in the 
analysis of reaction products in benzyl alcohol oxidation. 
The GC was calibrated by passing known concentrations of CO2/air through the GC. 
The counts corresponded to a CO conversion and this was used to work out the 
percentage of CO that was oxidised to CO2. 
For the benzyl alcohol oxidation experiments, the GC was calibrated using standards of 
known products to calculate a response factor. The response factor was then used to 
convert the counts on the GC into concentration that represented the conversion to a 
reaction product. 
Fourier Transform Infrared Spectroscopy 
For WGS and FAD, FTIR was employed to analyse the products of the reactions. The 
FTIR was set-up such that it analysed the gas mixture on-line, using a 400 cm3 cell. A 
spectrum was recorded every minute. The activity of the catalysts has been reported in 
terms of the number of moles of the substrate converted per hour per moles of 
supported metal on the catalyst throughout the thesis. For example for WGS and CO 
oxidation, the units are molCOconverted h
-1 molmetal
-1. This is calculated using the formula 
below: 
Activity =  
(CO conversion %)(moles of CO per hour in the gas feed)
(100)(Moles of total supported metal on the catalyst) 
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For other reactions, the same formula was applied but the appropriate flow rates and 
conversions were substituted. The actual metal loadings were determined using MP-
AES. 
This method of quantifying catalytic activity is important because in the DP method of 
catalyst preparation, it is common for the nominal loadings of metals to be significantly 
different from the actual metal loadings and so reporting the “CO conversion” is not 
sufficient. 
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Chapter 3 
The deactivation of Au/CeZrO4 during 
the low-temperature water-gas shift 
reaction 
3.1. Introduction to the deactivation mechanism and the aims of 
the chapter 
This short opening results chapter aims to understand the deactivation mechanism of 
the benchmark catalyst described in Chapter 1. A combination of XPS and HAADF 
STEM was used to characterise fresh and used samples of the catalyst after exposure 
to WGS reaction conditions. 
3.1.1. The deactivation of Au/CeZrO4 under water-gas shift conditions 
An in-depth discussion of the literature regarding the benchmark catalyst can be found 
in Chapter 1. The following is a summary of the significant publications relevant to the 
benchmark Au catalyst and similar systems. 
The most rigorous investigation into the Au/CeZrO4 catalyst was carried out by Goguet 
et al. who used a combination of high-pressure XPS, EXAFS and XANES, DFT and DRIFTS 
to elucidate active sites and  deactivation mechanism of 1.7wt% Au/CeZrO4.
1 It was 
shown that deactivation occurred due to the loss of metal-support interaction that 
reduced the number of active site of the catalyst, which as discussed in Chapter 1, is 
the metal-support interface. Carbonate deposition was ruled out using TPO and DRIFTS 
and sintering2 was excluded from in situ EXAFS data that showed no change in the co-
ordination number of Au throughout the reaction. It was also shown that high 
concentrations of water caused the catalyst to deactivate more rapidly. DFT 
calculations rationalised this by showing that the dissociation of water near a gold 
cluster causes restructuring at the interface, which the authors concluded was 
consistent with the de-wetting of the nanoparticle. 
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Similar effects have been reported for copper catalysts in the presence of water: 
Hansen et al. showed using in situ microscopy that the nanoparticles underwent 
reversible shape changes in different gaseous atmospheres.3 These effects were 
thought to be caused by adsorbate-induced changes in surface energies and interfacial 
energy changes. Under a wet atmosphere, the copper nanoparticles changed from a 
hemi-spherical shape to a more spherical one. 
There are contrasting reports in the literature concerning the deactivation of gold 
supported on Ce-based supports for the water-gas shift reaction and indeed other 
similar reactions such as CO oxidation. This is no doubt due to subtle but significant 
differences in the catalyst system and the preparation method used. For example, the 
build-up of carbonates on the surface of the catalyst has been reported to be involved 
in deactivating Au/CeO2, but it has been reported that on CeZrO4, this is less likely to 
occur.1 Although the explanation for this was not given, it might be related to the high 
number of hydroxyl groups that are present on CeZrO4 which occur as a result of 
defect sites. It is known that OH groups facilitate the decomposition of carbonates and 
so it is logical that a surface high in OH groups should not be susceptible to carbonate 
accumulation.4 Marks and co-workers’ recent microscopic investigation of Au/CeO2 
illustrates how a subtle difference in a catalyst can greatly affect the properties and 
deactivation mechanism in WGS: Gold supported on CeO2 nanorods did not sinter 
during the WGS reaction but gold supported on CeO2 nanocubes did.
5 This showed 
that the facet of the support is critical in determining the adhesion of a supported 
metal particle and therefore the catalyst stability in certain reactions. 
3.1.2. The aims of the chapter 
The aim of this opening chapter is to further understand the deactivation mechanism 
of an Au/CeZrO4 catalyst through spectroscopic and microscopic characterisation of 
the fresh and used samples. While many research groups have studied this system, 
there is still much to be learned about this highly active catalyst. The objective was 
also to use the knowledge gained from this work to inform the design of future 
catalysts in this reaction. 
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Figure 3.1 Time on-line data for Au/CeZrO4 under standard WGS conditions. Reaction conditions: 
150 oC, 0.15 g catalyst, 100 ml min-1 Gas feed: 2% CO, 2% CO2, 7.5% H2O, 8.1% H2 and N2. 
3.2. The catalytic activity of Au/CeZrO4 for the low-temperature 
water-gas shift reaction 
Au/CeZrO4 was subjected to the standard test conditions described in Chapter 2 
(150oC, 52,000 h-1, 2% CO, 2% CO2, 7.5% H2O, 8.1% H2 + N2 to balance) for 48 h on-
stream. The time on-line data is presented in Figure 3.1, which shows the normalised 
CO conversion against time. This is calculated by measuring an initial conversion of the 
catalyst, in this case after 60 minutes on-stream and normalising all subsequent 
conversions to this value. This allows the deactivation to be considered relative to its 
initial activity. 
Figure 3.1 shows that after 48 h just 50% of the initial catalyst activity remained and 
while the most rapid deactivation took place in the first 6 h, the catalyst continued to 
deactivate throughout the entire experiment. The change in the rate of deactivation is 
significant and could be due to multiple processes occurring during deactivation. At 
approximately 22 h on-line, there is a noticeable increase in the catalyst activity. This is 
most likely an artefact, due to fluctuations in the water concentration that are 
common in the reactor set-up. After the experiment was complete, the catalyst sample 
was recovered and analysed using XPS and HAADF STEM. 
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3.3. X-ray photoelectron spectroscopy of fresh and used 
Au/CeZrO4  
XPS is widely used to characterise a catalyst in order to gain an insight into the 
chemical state of the surface of a catalyst. In this study, the focus was to compare the 
Au 4f spectra of the catalysts and look for changes in the nature of the supported 
metal. However, the Ce 3d and O 1s spectra were also analysed to establish the 
chemical changes that occurred on the support, although the proposed deactivation 
mechanism focusses on the nature of the gold nanoparticles rather than the support. 
In addition, high resolution spectra of the Cl and Na regions were collected (not 
shown) as these potential poisons could have remained from the catalyst preparation. 
In all cases, no contaminants were detected. 
3.3.1. The Au 4f spectrum 
The fresh and used spectra are presented in Figure 3.2 below in addition to the 
composition and binding energy of each Au species, presented in Table 3.1. The Au 4f 
spectrum consists of several features that correspond to different Au species in the 
sample. There are three features in the fresh and used sample: Au0, Auδ+ and Au3+. Au0 
and Au3+ correspond to the different oxidation states of Au and are found at 84 eV and 
86.2 eV, respectively in the fresh sample. 
These values are consistent with those reported in the literature for similar systems.6-8 
The feature at 85 eV is at the binding energy typically associated with Au+ although this 
has also been assigned to small metallic Au species, hence its assignment as Au δ+. 
Table 3.1 XPS analysis of Au 4f signal including the surface ratio of the Au 4f and Zr 3d 
regions 
Sample 
Au species composition 
(%) 
Binding energy of assigned 
species (eV) 
Au surface 
concentration 
Au 4f/Zr 3d ratio Au0 Au δ+ Au3+ Au0 Au δ+ Au3+ 
Fresh 65.2 26.5 8.4 83.9 85.0 86.2 0.056 
Used 83.2 11.2 5.6 84.1 85.1 86.4 0.049 
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There is a precedent for this feature to be assigned to small nanoparticles of Au, 
although there is still some debate in the literature. The variation of the Au 4f binding 
energy as a function of Au coverage (and therefore Au particle size) on yttria-stabilised 
ZrO2 was observed by Zafeiratos and Kennou
9 and was attributed to a change in the 
final state i.e. the screening and delocalisation of the photoemission core holes10-12 as 
well as initial state effects, which include factors such as the oxidation state, co-
ordination number and particle size of gold.11, 12 It is agreed by many groups that this is 
the origin of the signal at 85 eV in these systems.13-17 
Figure 3.2 XP spectra of fresh (bottom) and used (top) Au/CeZrO4 catalyst. Each sample 
shows the presence of multiple species as Au0 (dotted green line), Auδ+ (dashed red line) 
and Au3+ (solid blue line). The fresh catalyst shows a higher abundance of Au3+ and Auδ+ 
compared to the used sample. 
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On the other hand, Boyd et al. studied Au supported on TiO2, TiO2-ZrO2 and Zeolite Y 
for CO oxidation and Au/Fe2O3 for low-temperature WGS and identified the co-
existence of Au0, Au+ and Au3+ using Mössbauer spectroscopy.18 Furthermore, the CO 
oxidation activity of each catalyst correlated well with the amount of Au+ in the 
sample. This suggests that perhaps this feature in the Au 4f XP spectra is due to ionic 
Au, the binding energy of which was reported to be 84.9 eV for gold/titania-zirconia, 
rather than small particles although the possibility of both contributing to this feature 
is also reasonable. One final consideration in the assignment of this feature to small 
gold particles is the fact that there are likely to be many nanoparticles of different sizes 
that all contribute to the region where the Auδ+ feature has been fitted. Fitting many 
peaks in this region might more accurately reflect particle size distribution of gold 
particles in the catalyst although this of course would not be realistic. Instead, fitting 
one peak and assigning this to “small particles” is perhaps the simplest way to 
represent the different Au species in the catalyst that are small enough to induce an 
appreciable shift in the binding energy. Overall, the majority of the literature is 
consistent with the assignment of the peak centred at 85.2 eV to small particles and so 
this feature is tentatively assigned as such. 
The identity of this feature is significant as it is less abundant in the surface of the used 
sample. The fresh Au/CeZrO4 consists of 26.5% Au
δ+ and the used sample has just 
11.2% of this feature. As this feature has been assigned to small gold particles, it was 
concluded that this reduction in Auδ+ is consistent with particle agglomeration under 
reaction conditions. It should also be noted that in the reducing conditions of the WGS 
reactor, reduction of Au+ and Au3+ would also be expected. Further evidence of particle 
agglomeration was found by measuring the Au/Zr ratio from the XPS data. In the fresh 
sample, this ratio was 0.056 however in the used sample it was 0.049. This ratio shows 
the amount of gold detectable by XPS in relation to the zirconium, of which the latter 
would not be expected to change significantly under the WGS testing conditions. A 
decrease in this value indicated that less of the gold was detectable by XPS, which is 
consistent with particle agglomeration due to XPS probing only the uppermost atomic 
layers. This finding was further evidence for the agglomeration of gold particles under 
reaction conditions. There was a reduction in 12.5% of the original value, which is 
comparable to that reported by Goguet et al. who observed a decrease of 16% in a 
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high-pressure XPS study. The authors ascribed this to a change of morphology in the 
Au nanoparticles, from hemi-spherical to spherical, rather than particle agglomeration. 
However, the Au 4f signal was noisy and the peak fitting not shown. In addition to this, 
the sample was treated in equi-molar quantities of CO, H2, H2O and CO2 at a pressure 
of 400 mTorr and the temperature ramped from 150oC to 300oC. It might be that 
under these gentler conditions no sintering takes place, especially in light of the 
reports that high concentrations of water are thought to be responsible for the high 
rate of deactivation in these systems.1 It also possible that the change in surface Au/Zr 
ratio is due to both agglomeration and morphological changes. 
In addition to the change in the composition of Au species in the fresh and used 
samples there was a shift in the binding energy (BE) of the Au signals of 0.1-0.2 eV, as 
shown in Table 3.1. As described above, the final BE depends on the initial state 
(determined by particle size, oxidation state etc.) and the final state (screening of holes 
created by photoemission). Cies et al. reported that successive oxidation-reduction 
treatments caused a reversible shift in the BE of the Au 4f signal in an Au/CeZrO4 
catalyst.12 After reduction, the BE shifted from 84.5 eV to 84.3 eV. This was concluded 
to be the result of an initial state effect caused by the change in charge transfer from 
the reduced support to the supported metal. In this work, a shift in the opposite 
direction was observed. This is no doubt due to other initial state effects such as 
changes in the particle size of the gold also contributing to the final BE. In this instance 
no significance in the binding energy position can be inferred due to the many 
contributing factors that determine it. 
3.3.2. The Ce 3d spectrum 
The Ce 3d spectrum was analysed to assess whether significant changes to the support 
occurred under the reaction conditions. The Ce 3d spectra of the fresh and used 
samples are shown in Figure 3.3. Deconvolution of the Ce 3d spectrum is challenging 
due to the many features that contribute to the line shape. Various models have been 
proposed to fit the spectra, most notably by Burroughs and co-workers19 and this was 
the basis for the deconvolution of the Ce 3d spectra throughout this work. The 
notation consists of v and u labels for peaks from the 3d5/2 and 3d3/2 spin-orbit 
coupling, respectively. v, v’’ and v’’’ correspond to Ce4+ states while v0 and v’ 
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correspond to Ce3+. The same assignments apply for the u labelled peaks, i.e. u, u’ and 
u’’’ correspond to Ce4+. 
In the fresh and used samples there is evidence of Ce3+ and Ce4+, which is consistent 
with Ce-containing mixed metal oxides due to the creation of defect sites by the 
second metal, although some reduction under the X-ray beam is also possible.20-22 The 
peak fitting model was a good fit for the XPS data although not perfect. The Ce 
oxidation state composition is shown in Table 3.2. There is evidence of some cerium 
reduction in the used sample. The fresh sample contains 65.8% Ce4+ but this figure was 
59.7% in the used sample. In order to illustrate the change in the Ce3+ signal, the 
corresponding features are shown in red. There is a visible decrease in the size of these 
peaks. The partial reduction in Ce is not unexpected given the reducing conditions of 
Figure 3.3 Ce 3d spectra of fresh (bottom) and used (top) catalysts. Features due to Ce3+ are 
shown in red and features due to Ce4+ are shown in green. 
870880890900910920
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the reaction although its significance in the context of the deactivation of this system is 
not obvious. 
Table 3.2 XPS data of fresh and used Au/CeZrO4 catalysts showing the concentration of 
different Ce oxidation states and the BE and composition of different O species. 
 
Previous reports have ascribed the deactivation of Pt/CeO2 to the over-reduction of 
the support.23 Zalc et al. showed that catalyst deactivation was more rapid when 
higher concentrations of H2 were present in the gas feed. However, these observations 
do not necessarily apply to the benchmark catalyst and a mechanistic explanation was 
not given. In fact, it has been demonstrated that anion vacancies caused by the partial 
reduction in ceria supports are necessary for the efficient activation of water.24 
However, it has been suggested that if there is too much hydrogen in the gas-feed, the 
rate of water activation becomes rate-limiting and the activity is reduced.24 Over-
reduction was not considered significant in studies on Au/CeZrO4.
1 There is no 
evidence that the reduction observed in this work is sufficient to cause water 
dissociation to become rate-limiting although in order to fully rule this out, further 
studies should be undertaken with different concentrations of H2 and perhaps kinetic 
isotope studies involving D2. 
3.3.3. The O 1s spectrum  
The O 1s signal was also investigated to establish which oxygen containing species are 
present in each sample. The peak fitting is presented in Figure 3.4. While the spectrum 
is relatively simple, there are theoretically many possible species that could be 
detected, including carbonate/carbonyl species, hydroxyl groups, lattice oxygen 
bonded to Zr or Ce and oxygen bonded to Au. In addition to this, the full width half 
maximum (FWHM) of each species can vary significantly. Assignment of the O 1s 
species was made in the context of the existing literature and the complimentary data 
available. 
Sample 
Ce species 
composition (%) 
Species composition (%) 
Binding energy  
(eV) 
Ce3+ Ce4+ O' O'' O' O'' 
Fresh 34.2 65.8 72.6 27.5 529.8 531.6 
Used 40.3 59.7 70.0 30.0 529.8 531.6 
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For example, in the used sample a higher degree of hydroxyl groups would be 
expected due to the partial reduction in the support, as evidenced from the Ce 3d 
spectrum. This is indeed what is observed, although the difference is only slight, as 
shown in Table 3.2. There are two features in the observed O 1s signal. The feature at 
529.8 eV, O’, is due to lattice oxygen from the metal oxide support. The smaller feature 
at 531.6 eV, O’’, is due to weakly bound hydroxyl and carbonate species, as well as 
adsorbed oxygen.20-22, 25, 26 However, the presence of carbonates in the fresh and used 
samples can be disregarded by consideration of the C 1s peak. A sharp feature 
(calibrated to 284.7 eV) and due to carbon-carbon bonding from adventitious carbon 
was observed in this region, but a feature relating to carbon-oxygen bonds, typically at 
286-288.5 eV was not detected, indicating that there were not a detectable level of 
carbonate species on the sample. The build-up of carbonates has been identified as a 
possible cause of deactivation on Au/CeO2 but no evidence of this was found in this 
work. It should be noted however, that under the UHV conditions of an XPS 
experiment, weakly bound carbonates that accumulated during the reaction could 
have desorbed. 
526527528529530531532533534535
Binding energy (eV) 
Figure 3.4 O 1s spectrum of fresh (bottom) and used (top) sample 
O’ 
O’’ 
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 In conclusion, XPS was used to elucidate many details regarding the surface of the 
catalyst in the fresh and used samples. Changes in the binding energy of the Au 4f 
signal, in addition to changes in the Au/Zr ratio suggested that particle agglomeration 
occurred under the reaction conditions tested. The Ce 3d spectrum showed that the 
support does get reduced under reaction conditions although the significance of this in 
the deactivation mechanism remains unclear. The O 1s and C 1s spectra revealed no 
significant build-up of carbonates was present on the sample. 
3.4 STEM HAADF of fresh and used Au/CeZrO4 
An extensive electron microscopic analysis of fresh and used samples of Au/CeZrO4 
was carried out in order to determine if there was any evidence of sintering or changes 
in particle morphology. The electron microscopy was carried out at Lehigh University 
by Mr Sultan Althahban and Professor Christopher Kiely, using a JEOL ARM 200CF AC-
STEM instrument. More details can be found in Chapter 2.3.9. 
3.4.1. Characterising the CeZrO4 support 
Initial work set out to identify the morphology and crystallite size of the support. It was 
found that in the CeZrO4 used in this work, there was a bimodal particle size 
distribution whereby small crystallites of CeZrO4, 2-3 nm in size were present as well as 
larger crystallites that were approximately 8-15 nm in diameter. Interestingly, the 
majority of the Au particles imaged were supported on the larger crystallites. Figure 
3.5 below shows the two morphologies of the support. Previous reports of supported 
Figure 3.5 STEM HAADF (left) and BF (right) images of the CeZrO4 support. Nanocrystalline 
CeZrO4 can be seen in the top right of the image while the large crystallites make up the 
lower left image. 
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gold catalysts have shown that the loss of surface area of the support contributed to 
catalyst deactivation.27 While there have not been any reports of this type of 
deactivation occuring on CeZrO4 supports, high resolution electron microscopy of this 
kind offers a great opportunity to test for this and so the crystallite size of the support 
was also noted. 
3.4.2. Fresh Au/CeZrO4 
As stated above, both the particle size and morphology were considered important in 
the deactivation mechanism. Examination of the micrographs of the fresh catalyst 
showed that there were several morphologies and metal particle sizes present in the 
sample. Figure 3.6 shows a representative selection of bright and dark field images of 
various magnifications of Au nanoparticles. It can be seen that there were clear 
variations in the size of the supported metal particles, which is commonly observed in 
supported metal catalysts prepared in this way. The gold nanoparticles contrasted 
reasonably well with the CeZrO4 support. An extensive investigation was carried out in 
order to identify the most abundant gold nanoparticle morphologies in the sample as 
well as calculate a particle size distribution for the metal nanoparticles. 
Figure 3.7 (top image) shows an example of a large, rounded gold nanoparticle that 
exhibited five-fold twinning. These types of particles were present on the catalyst, but 
not in high-abundance. On the other hand, large numbers of well facetted gold 
particles were observed, as shown in Figure 3.7 (middle image) and labelled with the 
arrows. The morphology of the gold particle could be important for high catalytic 
activity as this will determine the surface energy of the gold species and therefore the 
binding strength of CO molecule. Marks and co-workers investigated the effect of WGS 
conditions on gold supported on ceria nanocubes and nanorods at 250oC. While both 
catalysts deactivated rapidly, Au/CeOx nanorods retained the same gold nanoparticle 
size throughout the WGS reaction. However, there was a significant change in the 
morphology of the nanoparticles. In the fresh sample, there were rafts and layers of 
gold atoms and these were not observed in the used sample. The gold nanoparticles in 
the Au/CeOx nanocubes catalyst did increase in size during the WGS reaction as well as 
morphologically change, showing the important role of different support facets. 
Unfortunately morphological distribution data is very difficult to generate due to the 
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numerous variety of shapes and surface properties that are possible so conclusions 
regarding the morphology of the supported gold are qualitative and cautious. Gold 
paticles trapped in crevices in the support and on grain boundaries were also observed 
in the fresh sample, as shown in Figure 3.7 (bottom image). 
 
Figure 3.6 STEM HAAADF (left) and BF (right) images of the fresh Au/CeZrO4 at different 
magnifications 
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Figure 3.7 Top: Dark field (left) and bright field (right) image of top: a  large, round Au nanoparticle 
exhibiting five-fold twinning. Middle: Au nanoparticles exhibiting cuboctoherdal shape with well-
defined facets and edges Bottom: image of Au particle positioned in crevice of support 
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This perhaps suggests that the adhesion of the gold nanoparticle is rather weak. The 
particle size distribution was generated from a statistically relevant number of 
micrographs and is presented in figure 3.8. The mean particle size was measured as 4.5 
nm. 
3.4.3. The used Au/CeZrO4 
The used sample was subjected to the same characterisation process as the fresh 
catalyst, whereby the particle size and morphology was investigated. It should be 
noted that the CeZrO4 support exhibited the same bimodal particle size as the fresh 
catalyst and no evidence of particle growth of CeZrO4 was observed, showing that the 
morphology or surface area of the support was not a significant in the deactivation 
mechanism. Figure 3.9 below shows a number of micrographs of the used sample, 
where a high abundance of large, round gold nanoparticles was observed. 
Qualitatively, the gold particles appeared less facetted and rounder compared to the 
fresh sample. This was observed in the smaller gold particles in addition to the larger 
ones, as shown in Figure 3.10 that depicts a small, round gold nanoparticle in the top 
image and a slightly bigger, rounded nanoparticle in the bottom image. 
 
Figure 3.8 Particle size distribution for the fresh Au/CeZrO4 catalyst. The 
mean particle size was 4.5 nm. 
71 
 
 
Figure 3.9 HAADF (left) and BF (right) Au nanoparticles in the used sample, with an 
abundance of large particles, exhibiting rounded morphologies. 
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The calculated particle size distribution of the gold particles in the used sample is given 
in Figure 3.11. The mean particle diameter was 7.5 nm. This is significantly larger than 
the fresh sample and shows evidence of particle agglomeration occurring during the 
WGS reaction, consistent with the XPS data. In addition to the qualitative change in 
shape of the gold nanoparticles, two phenomena have been observed during the WGS 
reaction on the benchmark catalyst. These data support, to some extent, the work of 
Goguet et al. who proposed that morphological change caused catalyst deactivation in 
the WGS reaction.1 Evidence of such a morphological change was observed, although 
sintering of the gold was also seen. The work of Marks and co-workers on Au/CeO2
5 
illustrates the sensitivity of the catalyst system in question and helps to explain the 
discrepancies between different reports in the literature. 
Figure 3.10 HAADF (left) and BF (right) images of small Au nanoparticles that exhibit well 
rounded morphologies 
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3.5. Conclusions 
In this short opening results chapter, a combined XPS and HAADF STEM study 
invesitgated the differences in fresh and used Au/CeZrO4 after 48 h in a WGS reactor. 
XPS showed that partial reduction of the support occurred under the reaction 
conditions, which was expected. Thorough analysis of the Au 4f signal revealed that 
particle agglomeration and possibly reduction of gold was also a relevant process 
during the reaction. The HAADF STEM data corroborated the sintering observations 
and also showed morphological changes in the gold species, although these were not 
quantified and their significance was not established. Recent reports have disregarded 
sintering as a cause of deactivation in the WGS reaction although in these cases, 
microscopic evidence was not given. This is the first detailed microscopic study on the 
Au/CeZrO4 system to date and has enhanced the understandng of the deactivation 
mechanism by showing that sintering is relevant, although it does not necessarily occur 
on all Au/CeZrO4 catalysts. Whether morphological change or particle agglomeration 
occurs, the underlying property that needs to be addressed in future catalyst design is 
the adhesion or interaction between the precious metal and the support. Fundamental 
studies in this area have helped to illuminate the understanding of the metal-support 
Figure 3.11 Particle size distribution for used Au/CeZrO4 sample 
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interaction but the fruits of this work have not been carried into the discovery of 
stable Au-based WGS catalysts.  
This chapter served to identify a number of processes that occur during the WGS 
reaction on an Au/CeZrO4 but could not evaluate the importance of each of the 
processes to the loss in activity and therefore much future work remains to be done. 
For example,  in situ spectroscopy (and microscopy) offers a great opportunity to 
observe processes occuring in real time. EXAFS for example could be utilised to 
measure the growth of Au nanoparticles as the reaction proceeds. In situ CO-DRIFTS 
could also provide evidence of changes in the nature of the gold nanoparticle during 
the reaction that ex situ techniques might not resolve. Environmental TEM has proven 
to be a powerful tool for observing morphological changes in nanoparticles under 
various gaseous atmospheres28 and could provide a powerful insight into how the 
particles change in different conditions. 
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Chapter 4 
 
Gold-palladium catalysts supported on 
CeZrO4 for low-temperature water-gas 
shift and related reactions 
 
4.1. Introduction and aims of the chapter 
In Chapter 3 it was shown that the deactivation mechanism of the benchmark gold 
catalyst (2wt% Au/CeZrO4) involved sintering as well as morphological changes, with 
the latter previously reported.1 This chapter describes the work carried out to attempt 
to stabilise the benchmark catalyst through modification of the supported metal, 
which was hoped would enhance the interaction between the support and the 
supported metal. One of the most promising candidate metals to introduce to the gold 
catalyst was identified as palladium. This is because of the successful application of this 
bimetallic system to a wide range of oxidation reactions and the facile formation of 
AuPd alloys. A full investigation into the implications of introducing Pd to an Au 
catalyst was carried out which included catalyst screening as well as rigorous 
characterisation. 
4.1.1. Gold-palladium catalysts for WGS and CO oxidation 
A full review of the literature concerning gold-palladium bimetallic catalysts for WGS 
and the related reaction, CO oxidation was presented in Chapter 1. This section serves 
as a summary of the key publications in this field in order to provide the context for 
the results discussed herein. 
Publications on AuPd catalysts for WGS are extremely limited, with one experimental 
report.2 Tsang and co-workers prepared catalysts using a co-precipitation method and 
subsequently calcined the materials at 400 oC. Therefore these catalysts were not 
comparable to those prepared by deposition precipitation and the absence of rigorous 
characterisation left many questions unanswered. A theoretical study using DFT 
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predicted that AuPd catalysts would highly active for WGS due to the low energy 
barriers for the activation of H2O and CO that were calculated.
3 However, this was 
based on a (100) AuPd surface rather than a supported nanoparticle so consideration 
of the support was not made, and given the importance of the metal-support 
interaction it is difficult to conclude that this study would be a sound prediction for 
supported AuPd catalysts. 
In an analysis of the reaction mechanism of the gold-catalysed WGS reaction, Bond 
identified the potential of the AuPd system in the WGS reaction.4 Specifically, he 
identified the success of this bimetallic catalyst in the decomposition of formic acid 
and speculated that the WGS reaction shared a common reaction intermediate. 
Therefore it was concluded that formic acid decomposition (FAD) could serve as a 
simple test reaction for WGS catalysts. In addition, Bond discussed the reaction 
mechanism of CO oxidation and compared it with that of the WGS reaction, 
highlighting the similarities and differences of each. 
In the absence of rigorous research on the WGS reaction for AuPd catalysts, 
publications on CO oxidation were considered. While reports of AuPd catalysts 
supported on SiO2 exist,
5, 6 no publications based on supports with considerable redox 
properties such as Ce-based oxides were found. There are several theoretical reports 
that predict AuPd catalysts to be highly active for CO oxidation based on the ability of 
Pd to activate O2 and Au to activate CO.
7, 8 
As a result of this, the AuPd catalysts prepared in this chapter were screened for CO 
oxidation and formic acid decomposition in addition to WGS. CO oxidation was carried 
out to test the predictions made by theorists that AuPd should be active for CO 
oxidation and because no publications on this system have been reported. FAD was 
carried out to test Bond’s hypothesis that the catalysts should behave similarly in the 
WGS reaction.4 Also of interest was the activity trends of the catalysts in the different 
reactions, which could indicate fundamental similarities or differences in the 
mechanistic pathways of WGS, CO oxidation and formic acid decomposition. 
4.1.2. Aims of the chapter 
The aims of the work presented in this chapter are to investigate the applicability of 
gold-palladium bimetallic catalysts for the low-temperature WGS reaction and to test 
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the predictions made by computational and experimental chemists that gold-
palladium bimetallic catalysts should be active for WGS. This also involved 
investigating how the addition of Pd affected the resultant bimetallic catalyst and how 
this compared with the properties of a monometallic Au catalyst. The mechanistically 
relevant CO oxidation and FAD were also studied in an attempt to extract mechanistic 
details of the WGS reaction and further understand the requisite properties for active 
WGS catalysts. Finally, clarification of the disparate literature was attempted in order 
to explain seemingly contradictory reports. A range of characterisation tools were 
employed in order to understand the nature of the catalyst but also to evaluate the 
importance of different catalyst properties and determine which of these properties is 
essential for an active catalyst. 
4.2.  Catalytic testing of AuPd/CeZrO4  
4.2.1. Au, Pd and AuPd/CeZrO4 for the WGS reaction 
Initial investigations into the AuPd system focussed on comparing the activity and 
stability of the benchmark monometallic Au catalyst with monometallic Pd and a 
bimetallic AuPd catalyst. Thus, these three catalysts were prepared and tested under 
the standard conditions described in Chapter 2.1.3. The AuPd catalyst was prepared to 
achieve an equi-molar amount of Au and Pd with a total nominal loading of 2 wt%. 
Figure 4.1 shows the activity and stability of these catalysts. The activity was measured 
after 1h on-stream and reflects the actual metal loading as determined by MP-AES and 
described in Chapter 2.2.6. Measurements were taken after one hour because this 
ensured the reactor had reached steady-state conditions, as evidenced by the time on-
line data presented later in this chapter (Figure 4.2). This also represented a time-
frame that clearly illustrated the short-term activity of the catalysts. The benchmark 
catalyst, Au/CeZrO4 is significantly (3.6 times) more active per mole of metal than 
Pd/CeZrO4 and more than 12 times more active than the equi-molar bimetallic 
catalyst. The fact that the bimetallic catalyst gave the lowest conversion was 
unexpected as there are many reports that describe the synergistic effect of combining 
gold and palladium to form bimetallic catalysts. This synergy is characterised by the 
bimetallic catalyst exhibiting higher activity than the equivalent quantity of either of 
the monometallic ones. In the case of the water-gas shift reaction, the opposite is true: 
The combination of these two supported metals resulted in a catalyst of lower activity 
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than the sum of the activity of the monometallic catalysts. This effect was called anti-
synergy. The deactivation rate was calculated using the loss in activity over the first 
hour on-line. Using this method, all three catalysts deactivated at similar rates, which 
was approximately 5% h-1. 
4.2.2. Further investigations: The effect of the Au:Pd ratio 
In order to fully investigate this catalytic system, a number of bimetallic catalysts were 
prepared with a range of AuPd molar ratios, as described in Chapter 2.1.3. MP-AES 
was carried out in order to determine the actual metal loadings and Au:Pd molar ratios 
of the catalysts. The results are given in Table 4.1. The activity of the catalysts was 
reported in terms of the number of moles of the substrate converted per hour per 
moles of supported metal on the catalyst. In the DP method of catalyst preparation, it 
is common for the nominal loadings of metals to differ from the actual metal loadings 
and so reporting the “CO conversion” is not sufficient for accurate catalyst 
comparisons. The catalyst Au93Pd7/CeZrO4 illustrates this well (Table 4.1). 
Figure 4.1 The catalytic activity of Au, AuPd and Pd supported on CeZrO4 after 1 h on-
line(bars, left axis) and the rate of deactivation (black diamonds, right axis). Reaction 
conditions: 150 oC, 0.15 g catalyst, 100 ml min-1 Gas feed: 2% CO, 2% CO2, 7.5% H2O, 8.1% H2 
and N2. 
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Table 4.1 Elemental analysis of AuxPdy/CeZrO4 catalysts determined using MP-AES 
 
While the nominal loading of Au on this catalyst was lower than that of Au/CeZrO4, 
MP-AES showed that the actual Au loading was higher. This explained why 
Au93Pd7/CeZrO4 achieved higher catalytic conversions than the mono-metallic Au 
catalyst. 
However, when the WGS activity is calculated as described above, the actual metal 
loadings are considered and the catalytic activity in the WGS reaction was lower than 
that of the mono-metallic Au catalyst, as seen in Figure 4.2. The notation of bimetallic 
catalysts throughout this chapter is that the bimetallic catalysts are AuxPdy where x 
and y represent the molar percentage of that metal as determined from MP-AES 
analysis. The exceptions are the monometallic catalysts which are simply referred to as 
either Au/CeZrO4 or Pd/CeZrO4. 
The nanostructure of the AuxPdy catalysts is also of importance as this has been shown 
to be important for determining catalytic activity and selectivity.9, 10 However, forming 
specific nanostructures such as a core-shell morphology typically involves careful 
synthesis procedures which have not been used here. Furthermore, the determination 
Nominal Au 
loading (%) 
Actual molar 
ratios (AuxPdy)
a 
mmol metal g-1 Total weight 
loading (%) Au Pd Total 
100 Au 0.075 0.000 0.075 1.47 
99 Au99Pd1 0.083 0.001 0.084 1.65 
95 Au93Pd7 0.096 0.003 0.099 1.93 
91 Au86Pd14 0.075 0.012 0.087 1.60 
75 Au67Pd33 0.059 0.029 0.088 1.47 
68 Au64Pd36 0.061 0.035 0.096 1.58 
62 Au55Pd45 0.050 0.040 0.090 1.41 
50 Au44Pd56 0.044 0.056 0.100 1.46 
15 Au12Pd88 0.016 0.121 0.137 1.61 
9 Au8Pd92 0.015 0.163 0.178 2.02 
0 Pd 0.000 0.162 0.162 1.72 
82 
 
of the nanostructure is very challenging and beyond the scope of the current study. 
Therefore, based on the catalyst preparation method it is unclear what type of 
nanostructure was synthesised and more importantly what the nanostructure of these 
catalysts is under reaction conditions. 
As described in Chapter 1, the poor stability of Au/CeZrO4 was the motivation for 
modifying the catalyst although the retention of high activity was of course also a 
fundamental requirement. A range of AuPd/CeZrO4 catalysts were screened for 90 
minutes under WGS reaction conditions although some screening tests were 
terminated prematurely due to the poor performance of the catalyst. The time on-line 
data is shown in Figure 4.2. The activity of each catalyst varies heavily with the Au:Pd 
loading: Au/CeZrO4 remains the most active catalyst and any combination of Au and Pd 
is significantly less active per mole of metal on the catalyst. The fact that such low 
conversions were observed in the bimetallic catalysts means that even if these systems 
were more stable, their applicability in fuel cell technology would not be appropriate.  
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Figure 4.2 Time on-line water-gas shift data for a selection of AuxPdy/CeZrO4 catalysts. From top 
to bottom: Au, Au93Pd7, Au86Pd14, Au55Pd45, Au67Pd33, Pd and Au44Pd56. Reaction conditions: 150 
oC, 0.15 g catalyst, 100 ml min-1 Gas feed: 2% CO, 2% CO2, 7.5% H2O, 8.1% H2 and N2. 
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Despite this, the stability of the catalysts was measured to assess if there were in fact 
improvements which could be understood and exploited in future catalyst design. 
The normalised conversion of the series of AuPd catalysts is shown in Figure 4.3. This is 
calculated by normalising each data-point against the highest conversion observed in 
that reaction. In this case, each data-point is normalised against the conversion after 
approximately 10 minutes on-stream. There appears to be a large variation in the 
stability of the catalysts over the initial two hours on-line. The most stable catalyst 
over this period was Au55Pd45/CeZrO4, which maintained the vast majority of its initial 
activity after 2 hours. Interestingly, the least active catalyst was Au44Pd56/CeZrO4, 
which lost over 20% of its initial activity in the first hour. It should be noted that the 
data points are not well correlated due to the low conversion achieved by this catalyst 
so small deviations in the concentration of CO have large effects on the normalised 
conversion. Despite this, it can be seen that Au44Pd56/CeZrO4 deactivates rapidly. It 
should be noted that the time scale of this stability measurement is not relevant in the 
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Figure 4.3 Normalised conversion showing initial stability for Au/CeZrO4 (diamonds), 
Au93Pd7/CeZrO4 (squares), Au55Pd45/CeZrO4 (triangles), Au44Pd56/CeZrO4 (circles) and 
Pd/CeZrO4 (crosses). Reaction conditions: 150 
oC, 0.15 g catalyst, 100 ml min-1 Gas feed: 2% 
CO, 2% CO2, 7.5% H2O, 8.1% H2 and N2. 
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context of an industrial process. Ideally, the catalyst stability should be measured over 
more than 120 minutes. In light of this, overnight screening experiments were 
conducted and the stability of the catalysts analysed over 16 h. Figure 4.4 shows the 
deactivation rate of a selection of AuPd/CeZrO4 catalysts. The normalised conversion 
represents the loss in activity from 3h to 16 h on-line. This ensured the system had 
stabilised before the deactivation rate was calculated. After consideration of the long 
term stability, the Au55Pd45/CeZrO4 catalyst no longer appeared to be the most stable. 
It retained 89% of its original conversion while the benchmark catalyst retained 88%; a 
difference that was considered to be within experimental error. 
Despite the failure of this system to satisfy the original aim of the project, further work 
on this catalyst system was carried out in order to understand how the combination of 
two metals resulted in decrease of activity with the aim of enhancing the 
understanding and design of future WGS catalysts. 
4.2.3. The activity of AuxPdy/CeZrO4 for WGS and related reactions 
As discussed in Chapter 1, AuPd was predicted to be highly active for WGS3, 4 and CO 
oxidation7 and formic acid decomposition was identified as a possible test reaction for 
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Figure 4.4 Deactivation of a selection of AuPd/CeZrO4 catalysts after 16 h on-line. 
Normalised conversion calculated over the period of 3 - 16 h. Reaction conditions: 150 oC, 
0.15 g catalyst, 100 ml min-1 Gas feed: 2% CO, 2% CO2, 7.5% H2O, 8.1% H2 and N2. 
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WGS catalysts.4 The next section of this chapter describes the work carried out to test 
these hypotheses by screening the series of prepared catalysts for CO oxidation and 
formic acid decomposition as well as the oxidation of benzyl alcohol. In order to 
observe the relationship between the Au:Pd molar ratio and the catalytic activity for 
the reactions of interest, the data was presented as the activity plotted against the Au 
mol content, determined using MP-AES. 
Low-temperature water-gas shift 
The effect of the Au:Pd ratio on the catalytic activity in WGS is illustrated in Figure 4.5. 
The activity measurement of each catalyst was made after one hour of exposure to the 
reaction gases. As described above, Au/CeZrO4 was the most active catalyst and the 
introduction of Pd resulted in a sharp decrease in activity. The catalysts that exhibited 
the poorest conversions had an Au mol content of 10-40%. Interestingly, Pd was more 
active than the Pd-rich bimetallic catalysts. The overall trend across the range of 
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Figure 4.5 The water-gas shift activity of a range of AuxPdy/CeZrO4 catalysts measured per 
mole of total metal (black circles) and moles of Au on the catalyst (blue circles). The purple 
data point is a physical mixture of Au and Pd. Activity measured after 1 h on-stream. 
Reaction conditions: 150 oC, 0.15 g catalyst, 100 ml min-1 Gas feed: 2% CO, 2% CO2, 7.5% H2O, 
8.1% H2 and N2. 
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catalysts is notable and shows that the overall activity of these catalysts is not simply 
the sum of the two monometallic catalyst’s activity. If that was the case, a straight line 
would be expected across the range of catalysts. The majority of the literature on AuPd 
catalysts reports a “synergy” between the two metals because the presence of both Au 
and Pd in the catalyst formulation resulted in a significantly more active catalyst. 
Benzyl alcohol oxidation is a prototypical example. However, in the WGS reaction the 
opposite effect was observed: The presence of Au and Pd in the catalyst formulation 
gave a catalyst that was significantly less active than the monometallic equivalent 
catalysts. This effect was therefore characterised as anti-synergy. Interestingly, when a 
physical mixture of the Au and Pd catalysts was tested for WGS activity, it was found 
that the WGS activity was more active than the bimetallic catalysts. This is represented 
by the purple data point in Figure 4.5. The physical mixture was 75 mg of Pd/CeZrO4 
and 75 mg of Au/CeZrO4, which corresponded to a molar Au content of 35%. The 
higher activity of this data-point supports the hypothesis that the interaction between 
Au and Pd is central to the catalytic activity trend observed in Figure 4.5. 
For the Au-rich catalysts where the Au mol content was above 50%, the catalytic 
activity was very sensitive to the Au:Pd molar ratio. Conversely, the Pd-rich catalysts 
where Au mol content was below 50%, very similar catalytic conversions were 
measured. This implies that while the nanostructure/elemental composition of the 
supported metal is changing, the catalytically active component is not. One possible 
explanation for this observation considers the mobility of the Au and Pd atoms under 
reaction conditions. It has been shown experimentally that the distribution of Pd 
atoms in bimetallic AuPd nanoparticles is dynamic and dependent on its environment. 
Zhu et al. used density functional theory (DFT) calculations and diffuse reflectance 
Fourier transform infrared spectroscopy (DRIFTS) to study the surface nanostructure of 
AuPd/Al2O3 under an atmosphere of CO at room temperature.
11 They found that over 
time, the linear stretching modes of CO adsorbed on Au decreased in AuPd/Al2O3. 
Furthermore, the bands associated with linear and non-linear CO on Pd increased 
concomitantly. The explanation for this was the surface enrichment of Pd in the 
presence of CO. The DFT investigation supported the DRIFTS data and showed that Pd 
preferentially occupies under co-ordinated edge sites of AuPd nanoparticles. These 
under-co-ordinated edge sites are thought to be the active site for the gold-catalysed 
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reaction12 and it is intuitive that this would also be the case for the palladium-
catalysed reaction. In addition, Delannoy et al. used DRIFTS and environmental 
transmission electron microscopy (ETEM) to observe the restructuring of an AuPd/TiO2 
catalyst. Under a CO/O2 feed, the Pd segregated to edge sites of the catalyst to form a 
AucorePdshell nanostructure.
13  
Several other researchers have also reported the segregation of Pd8, 14-16 and other 
metals17-19 to the surface in the presence of CO in Au-containing bimetallic catalysts. 
Although this effect has not been demonstrated under WGS conditions, CO is present 
as a reactant and therefore could interact with the nanoparticles in a similar way. This 
could explain the similarity of the catalytic activity in the Pd-rich catalysts: When there 
is an excess of Pd in the bimetallic nanoparticles and it is exposed to CO, Pd will occupy 
all the under co-ordinated edge sites. Therefore the catalytic activity will be dominated 
by the rate of the Pd-catalysed reaction; Au becomes a spectator species. 
For comparison, the catalytic activity per mole of Au was also plotted in Figure 4.5, 
represented by the blue circles. As Pd was introduced to the catalyst, the activity per 
mole of Au decreased, suggesting that the Au in the bimetallic catalysts was less active 
than the Au in the monometallic catalyst. This observation is consistent with an 
increase in the particle size of the bimetallic catalysts and suggests that the interaction 
of Au and Pd affects the chemical properties of the Au. 
The final notable observation is that the monometallic Pd catalyst was more active 
than the Pd-rich bimetallic catalysts. In the context of the above discussion, whereby it 
seems likely that in the Pd-rich catalysts the chemistry is dominated by Pd, the reason 
for the enhanced activity of the Pd catalyst could simply be metal dispersion/particle 
size, which could be measured using electron microscopy. 
Overall, the inverted-volcano plot observed for the WGS reaction suggests that there 
are significant chemical differences between the catalysts tested that go beyond the 
AuPd ratio. These differences will be explored in the later part of this chapter. 
CO oxidation 
The WGS activity of the AuPd catalysts was then compared with their activity in CO 
oxidation. CO oxidation is one of the most studied reactions in catalysis, not just for its 
practical application to purify gases but also as a test reaction for supported metal 
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catalysts. However literature on AuPd catalysts for this reaction is sparse. CO oxidation 
has frequently been compared to the WGS reaction for its mechanistic similarities. 
Bond noted that in both reactions, CO reacts with a water molecule that forms an 
intermediate,4 which is then oxidised to produce CO2. In CO oxidation, the 
intermediate can be oxidised by O2, but in water-gas shift this could occur with an 
additional water molecule.4 It is therefore instructive to compare the activity trends in 
the WGS reaction with those in CO oxidation. Similarities or differences in the activity 
trends could help to enhance the understanding of the reaction steps of each reaction. 
The catalytic activity of each catalyst for CO oxidation is shown in Figure 4.6. The 
activity was measured after 1 h on-stream. It can be seen that the overall activity trend 
is remarkably similar to that of the WGS reaction: Au remains the most active catalyst, 
while Pd-rich bimetallic catalysts displayed the poorest activity. Also, the Pd catalyst 
was more active than the bimetallic catalysts. In the above section, the mobility of Pd 
in the bimetallic nanoparticles was postulated as a possible relevant process that 
explains the activity trends. 
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Figure 4.6 The CO oxidation activity of AuPd/CeZrO4 catalysts. Activity measured after 1h on-
stream. Reaction conditions: 35oC, 0.020 g catalyst, 20ml min-1 5000 ppm CO/air. 
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While this explanation remains a hypothesis, the similarity in the activity trends 
suggests that there are underlying parallels between these two reactions and perhaps 
the segregation of Pd is occurring in both reactions and this affects the activity of these 
catalysts. 
Formic acid decomposition (FAD) 
As discussed above, AuPd catalysts were identified by Bond as candidates for highly 
active water-gas shift catalysts.4 In addition to this, Bond suggested that FAD could be 
used as a test reaction to screen for WGS activity. This hypothesis was tested by 
modifying the WGS reactor to accommodate FAD experiments, as described in Chapter 
2. The catalytic activity data for a selection of AuPd/CeZrO4 catalysts is presented in 
Figure 4.7. It can be seen that the activity trend approximates that of the WGS and CO 
oxidation reactions, whereby Au is the most active catalyst and the introduction of Pd 
results in a decrease in activity. While there are fewer data points in the Pd-rich region, 
the same activity insensitivity to Au:Pd ratio is observed in this region of the graph. The 
Au55Pd45/CeZrO4 catalyst had a slightly higher conversion than catalysts with similar 
Au:Pd ratios but this was also observed for CO oxidation and WGS. It could indicate 
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Figure 4.7 The FAD activity of a selection of AuPd/CeZrO4. Activity measured after 1h on-
stream. Reaction conditions: 0.050g catalyst, 85 oC, Total flow: 100 ml min-1. 1700 ppm 
HCOOH, 1500 ppm H2O + N2. 
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that this catalyst has smaller metal particles than the others. With the exception of Pd, 
each catalyst exhibited 100% selectivity to H2 and CO2. Pd exhibited 97.5% selectivity 
to CO2 and H2 and 2.5% selectivity to CO+H2O. 
While numerous accounts of FAD have been reported, including many recent studies 
that explore the viability of formic acid as a hydrogen storage compound, the 
experimental conditions are typically different from those used in this study. 
Furthermore, many studies concern gold and palladium supported on non-reducible 
metal oxides including carbon, SiO2, Al2O3 and TiO2
20-23 or are used as electrocatalysts24 
and so comparisons are problematic. 
However, one study conducted by Davis et al. is of particular relevance to this work: 
The authors explored the link between WGS and FAD for Pt/CeO2 catalysts. As well as 
identifying similar kinetic isotope effects in their studies on FAD with literature results 
for WGS, they also postulated existence of a common intermediate: a bidentate 
formate species. The authors reported that the support was crucial to the formation of 
the intermediate. Specifically, the reducibility of the CeO2 facilitated bridging OH 
groups that could then react with either CO or formic acid to ultimately produce the 
same intermediate species. Therefore it is feasible that the same intermediate is 
formed on the Au catalyst, although further work would be needed to demonstrate it 
fully. 
Another study that recognises similarities between WGS and FAD was conducted by 
Iglesia et al.23 who suggested that both reactions require Au clusters that were 
invisible to TEM for high activity, i.e. very small metal nanoparticles. This was shown by 
the decrease in activity of their Au/Al2O3 catalyst after thermal treatments as a result 
of sintering. Interestingly, the same catalysts were screened for CO oxidation activity, 
the same decrease in activity was not observed. It was concluded that the active 
species for CO oxidation must be the larger, TEM visible particles. This is inconsistent 
with the findings of this study, where it has been observed that in each reaction, the 
same activity trend is observed. 
Several literature reports identify Pd as being more active than Au21, 22, 25 for FAD which 
was not observed in this investigation. However the discrepancy of those reports with 
the findings in this work can be explained by the significant difference in both the 
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experimental conditions and the supports used in the studies. The sensitivity of the 
reaction conditions on the catalytic activity was demonstrated by Ross and co-workers 
who showed that the activity of Au/TiO2 catalysts are significantly improved by the 
addition of water into the reactor.21  They attributed this effect to the water-gas shift 
reaction taking place. Likewise, in a subsequent paper by the same group it was shown 
that Pd/Al2O3 catalysts are significantly inhibited by the presence of CO, possibly due 
to the strong chemisorption that occurs when Pd is exposed to CO.22 
The segregation of Au and Pd under reaction conditions, specifically under exposure to 
CO, was earlier postulated as an explanation for the activity trends for WGS and CO 
oxidation. The fact that FAD exhibits the same trend does not disprove this. In fact, the 
segregation of Au and Pd in bimetallic catalysts has been reported in media other than 
CO, for example in the hydrogenation of 1,5-cyclooctadiene.26 Therefore it is possible 
that segregation would occur under the FAD reaction conditions. The similarity in 
activity trends is likely to be caused by a property such as metal particle size. Perhaps 
each reaction mechanism favours a small metal particle size and this is reflected in the 
variation across the series of AuPd catalysts prepared. Another possible commonality 
is the active site in each of the reactions: the metal-support interface. It is known that 
the role of the support is to activate the water molecule and produce OH groups 
proximal to the metal nanoparticle in each of the reactions. 
The results obtained are in agreement with the reports that identified mechanistic 
similarities in FAD and WGS and suggest there are underlying similarities, possibly 
reaction intermediates or possibly active sites. These data do not provide concrete 
conclusions regarding the mechanisms or active sites for these reactions but are 
incentives for further work in this area. 
Benzyl alcohol oxidation 
The synergistic effect of AuPd bimetallic catalysts is well documented for benzyl 
alcohol oxidation, as described earlier. In order to confirm that the catalysts used in 
this study were relevant to the ones described in the literature, a selection of AuPd 
catalysts were tested for this reaction. The results are shown in Figure 4.8 which 
includes the activity data for all the reactions that were screened. In line with previous 
studies, the AuPd/CeZrO4 catalysts also displayed remarkable synergy for benzyl 
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alcohol oxidation.27-29 This synergy demonstrates that the activity trends for WGS and 
CO oxidation were in fact valid and the catalysts prepared in this work were 
comparable to those reported in the literature. 
 
 
4.2.4. The effect of the support: Comparison with AuPd/TiO2 catalysts 
The effect of the support was probed to determine whether the anti-synergy observed 
in this work was a property induced by the CeZrO4 support or whether it was a 
property of AuPd catalysts in general. A range of catalysts supported on TiO2 were 
prepared by deposition precipitation method, as described in Chapter 2.1.3. Catalyst 
were characterised by MP-AES to determine the metal loadings of the final catalysts, 
as was done with the CeZrO4 catalysts. It was found that Au/TiO2 was not active for 
WGS under the reaction conditions used, consistent with previous reports.30 Therefore 
each catalyst was screened for CO oxidation activity under the same conditions as the 
CeZrO4 catalysts. The activity trends are presented in Figure 4.9. The elemental 
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Figure 4.8 The catalytic activity of AuxPdy/CeZrO4 for water-gas shift (●), CO oxidation (♦), 
formic acid decomposition (■) and benzyl alcohol oxidation (▲). Activity measurements 
recorded after one hour on-stream. 
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composition of each of the AuxPdy/TiO2 catalysts, as determined by MP-AES, is given 
below in Table 4.2. 
It can be seen that the activity trends observed for the AuPd/TiO2 catalysts are similar 
to those found in the AuPd/CeZrO4 catalysts whereby Au/TiO2 was the most active 
catalyst for CO oxidation and the Pd-rich bimetallic catalysts were the least active, 
although the monometallic Pd did not outperform the Pd-rich bimetallic catalysts. 
Similar to the CeZrO4 catalysts, where Au mol content was less than 50% the activity 
did not vary significantly with the gold-palladium molar ratio. 
The actual metal loadings determined using MP-AES and then confirmed using XPS are 
very different from the nominal loadings. The discrepancies are essentially due to the 
low yields of gold and high yields of palladium deposited onto the support. This is 
illustrated by the fact that the monometallic Au/TiO2 catalyst was measured to have 
0.52 wt% gold compared to the Au/CeZrO4 catalyst, that consisted of 1.47 wt% gold. 
Surprisingly, the monometallic Pd catalyst had a loading of 2.67 wt% palladium, higher 
than the nominal loading. If the concentration of the aqueous PdCl2 precursor solution 
was higher than thought, this could explain this observation. However, the 
concentration of the precursor was verified using MP-AES. This leaves the possibility 
that the dispersion of the metal was very inhomogeneous and the sample analysed 
happened to contain high concentrations of Pd, although this is unlikely. The origin of 
the differences in metal loadings must be the difference in the surface charge of the 
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Figure 4.9 CO oxidation activity of AuPd/TiO2 catalysts. Reaction conditions: 35
oC, 0.020 g 
catalyst, 20ml min-1 5000 ppm CO/air.  
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support. If the isoelectric point of the CeZrO4 support is higher than that of P25 TiO2, 
which is reasonable according to literature values,31 the surface charge will be more 
negative for TiO2 at pH 8, meaning that the affinity of the negatively charged 
hydroxylated gold species will be lower on TiO2 than CeZrO4. Therefore, less gold will 
be deposited on the surface. A lower pH e.g. 6 or 7 would yield higher gold loadings 
although this would also affect the speciation of the gold precursor – at lower pH, 
there will be a higher abundance of chlorinated gold species, which have been shown 
to lead to larger particles.32 
The significant variations in metal loading across the range of catalysts mean that the 
comparison of the catalyst activity becomes problematic, because while the activity is 
normalised against the moles of metal on that catalyst, the dispersion of the metals 
will be limited at higher metal loadings. This could explain why the Pd catalyst was not 
as active as expected. Overall, the preparation of the TiO2 supported catalyst was not 
optimised but the activity trend observed closely resembled that of the CeZrO4-
supported catalysts. 
Table 4.2 shows that there were large discrepancies in the elemental analysis of the 
XPS and MP-AES loadings. The mol% of Au was consistently higher in the XPS analysis 
than the MP-AES analysis. The origin of this difference could be due to a surface 
enrichment of gold in the bimetallic metal particles under the conditions of the XPS 
experiment.  
Table 4.2 Elemental analysis of AuPd/TiO2 catalysts determined by MP-AES and XPS
  
Catalyst 
 (Nominal loadings) 
Total metal loading 
(wt%) (MP-AES) 
Mol% Au 
(MP-AES) 
Mol% Au 
(XPS) 
Au 0.52 100 100 
Au80Pd20 0.64 34 46 
Au60Pd40 1.19 22 24 
Au40Pd60 1.61 14 16 
Au20Pd80 2.21 7 12 
Pd 2.67 0 0 
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It is also possible that the gold is better dispersed than the Pd: It is likely that at pH 8, 
there is a relatively poor interaction of the gold species with the TiO2 support and so 
the gold is highly dispersed, making it easier to detect than the Pd, which could exist in 
large particles. 
4.3. Rationalising the activity trends through catalyst 
characterisation 
In Section 4.1 a range of AuPd/CeZrO4 catalysts were tested for several reactions and a 
number of interesting trends were found, namely the anti-synergistic effect of AuPd 
catalysts for WGS, CO oxidation and FAD. In order to explain these observations, a 
number of characterisation tools were utilised in order to try and rationalise these 
trends. 
4.3.1. H2-temperature-programmed reduction (TPR) 
H2-TPR was conducted in order to assess the redox properties of the catalyst. It was 
important to investigate how the composition of gold and palladium affected the 
reducibility of the catalyst and whether or not this was a significant factor in 
determining the catalyst performance. The data is presented below in Figure 4.10. 
Firstly the CeZrO4 support was analysed. This material has been extensively studied in 
the literature and the reduction processes have been reported before.33, 34 CeZrO4 has 
three distinct reduction features (Figure 4.10, inset). 
The feature at 345 oC corresponds to the surface reduction while the larger feature at 
550 oC is related to the bulk reduction of the CeZrO4 material. In addition, a weak 
feature at 150oC is visible which was not due to Ce reduction. It is most likely due to 
weakly bound surface species such as carbonates or water, or an impurity that wasn’t 
removed during the pre-treatment step. 
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The effect of the addition of precious metals to the redox properties of metal oxides is 
well understood: The reduction of the material occurs at a much lower temperature 
than the bare metal oxide when metals such as Au, Pd and Cu are deposited. This 
proceeds through a hydrogen spillover mechanism.35, 36 The hydrogen spillover 
mechanism of reduction describes the dissociative adsorption of hydrogen onto a 
supported metal such as Pd or Au followed by the migration of the adsorbed species to 
the support material. This then diffuses across the surface and reduces the support. 
Significantly, in the absence of the spillover material, the reduction would not 
otherwise occur. A schematic of the process is presented below in Schematic 4.1. 
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Schematic 4.1 Schematic diagram of the hydrogen spillover effect. Gaseous H2 dissociatively 
adsorbs onto the support metal and then diffuses onto the surface, reducing the support. 
The Au/CeZrO4 catalyst has one distinct reduction feature centred at 165 
oC while the 
Pd/CeZrO4 catalyst has a very intense reduction peak at 95 
oC. These correspond to the 
surface reduction of the catalyst through the hydrogen spillover mechanism described 
above. There are broad features in each of the supported metal catalyst samples which 
although less well-defined are also due to hydrogen spillover. Broad shoulders are 
visible on each of the catalysts at higher temperatures, at 400 oC for the Pd/CeZrO4 
catalyst. These relate to the bulk reduction of the material which was characterised by 
a feature at 550oC for the bare support. The downshift of the bulk reduction 
temperature shows that the bulk reduction is also more facile when Au or Pd is 
deposited. 
There was no correlation in the reducibility of the catalysts and the resultant catalytic 
activity for WGS. In the context of the WGS reaction, the reducibility is related to the 
activation of water whereby a lower reduction temperature would indicate more facile 
activation of water in the WGS reaction. Therefore in the series of mono- and bi-
metallic catalysts tested, the activation of water is not likely to be a rate-limiting step, 
or a correlation between the WGS activity and the temperature of surface reduction 
would be expected. However, a relationship between the hydrogen consumption per 
mole of metal on the catalyst and the catalyst activity for WGS could be drawn. This 
correlation is shown in Figure 4.11. Here it can be seen that catalysts that consumed 
more H2 during the TPR experiment, or were more reducibile, dispalyed higher 
catalytic activity for WGS. This correlation can be understood in the context of the 
hydrogen spillover mechanism that occurs on supported metal catalysts: The number 
Au 
 
 CeZrO4 
H
2 (g)
 
H H 
H H 
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of spillover sites on the catalyst is determined by the dispersion of the metal particles. 
Catalysts with a higher dispersion should have more spillover sites therefore this 
correlation could be an indirect measure of the dispersion of the metals on the catalyst 
and it is unsurprising that this correlates well with WGS activity. 
The Pd/CeZrO4 catalysts is a clear out-lier in this trend. This catalyst consumed a 
relatively large quantity of H2 and yet did not exhibit high catalytic activity. It is well 
known that the adsorption of CO on Pd is much stronger than on Au and if the 
formation of a reaction intermediate is perturbed by this strong adsorption, this could 
explain why the WGS activity was not as high as expected, given the hydrogen 
consumption. However, the catalytic activity for FAD also follows the same trend as 
WGS, which suggests that the interaction with CO is not relevant. 
In summary, the H2-TPR revealed that the surface reducibility of the catalyst was not a 
significant factor in determining the catalytic activity in the water-gas shift reaction, 
and by extension CO oxidation and FAD. However, a strong correlation between the 
hydrogen consumption and the catalytic activity of each catalyst was observed. This 
was rationalised through differences in the metal dispersion in different catalysts and 
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represents the first evidence for explaining the catalytic activity trends observed in the 
first part of this chapter. 
4.3.2. XPS 
XPS was carried out on the series of catalysts to gain evidence for the interactions 
between gold and palladium as well as the composition of gold species present. In 
addition to this, the Cl 2s region of the XP spectrum was also measured and the 
absence of a signal in this region confirmed that that no residual chloride species were 
present. 
Figure 4.12 shows the Au 4f XP spectrum and the region comprising Zr 3p, Pd 3d and 
Au 4d and the deconvolution of the peaks. The binding energy of the Au 4f7/2 signal in 
each catalyst is listed below in Table 4.3. The ionisation of the Au 4f shell causes spin-
orbit splitting that results in a doublet of 4f7/2 and 4f5/2 peaks, which are separated by 
3.7 eV.37 The observed binding energy of the Au 4f 7/2 peak varied according to the 
AuPd ratio, whereby increasing Pd content resulted in a smaller binding energy, with 
the most dramatic shift in the Au8Pd92 catalyst which exhibited a peak at 83.6 eV 
compared to 84.1 eV in the monometallic Au catalyst. This shift is due to the electronic 
modification of the Au species by Pd and suggests interactions between the Au and the 
Pd.38, 39 This type of electronic modification suggests the formation of an alloy. Similar 
shifts have been observed on SiO2-supported AuPd catalysts although the extent of the 
shifts was different.38 The magnitude and direction of the binding energy shift is 
dependent on both initial and final state effects, the former of which is affected by the 
catalyst support.40 Therefore quantitative comparisons between catalysts on different 
supports were not appropriate. 
Analogous shifts in the binding energy of the Pd species were also observed. However, 
the overlap of the Zr 3p and Au 4d spectra with the Pd 3d spectrum makes 
deconvolution of the peaks very challenging. The positions of the features are shown 
in Table 4.3. The spin-orbit components are separated by 5.26 eV. The binding energy 
of the Pd 3d5/2 peak in each catalyst was indicative of Pd
2+.41, 42 Quantifying the ratio of 
Pd0 to Pd2+ was not possible due to the overlap in the XPS signal of Pd 3d and Zr 3p.  
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deconvolution of peaks. 
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In the Pd catalyst, the 3d5/2 peak had a binding energy of 337.6 eV whereas in the 
Au86Pd14 catalyst it was 337.9 eV. Interestingly, several catalysts did not exhibit a 
significant shift in the position of the peak. In fact, noticeable shifts were seen only 
when there was an excess of Au in the sample. However, due to the overlapping peaks 
in this region of the XP spectrum, the exact position of the Pd 3d peak could not be 
precisely determined. 
Table 4.3 XPS analysis of Au 4f and Pd 3d spectra for AuxPdy/CeZrO4 catalysts 
Catalyst 
Composition of different Au 
species CeZrO4 catalysts (%) 
Binding energy (eV) 
Au0 Auδ+ Au3+ Au0 Auδ+ Au3+ Pd2+ 
Au 65.1 26.5 8.4 84.1 85.2 86.6 - 
Au86Pd14 76.1 16.1 7.8 83.9 85.1 86.5 337.9 
Au67Pd33 82.3 12.3 5.4 83.9 85.1 86.2 337.7 
Au64Pd36 81.6 12.8 5.6 83.8 84.9 86.2 337.6 
Au55Pd45 77.1 15.1 7.8 84.1 85.2 86.6 337.7 
Au44Pd56 88.5 7.7 3.9 83.8 85.1 86.6 337.5 
Au12Pd88 71.6 17.8 10.6 83.8 84.9 86.3 337.6 
Au8Pd92 75.0 13.3 11.7 83.6 84.7 86.3 337.6 
Pd - - - - - - 337.6 
The different oxidation states of Au were inferred based on the Au 4f spectrum due to 
the overlaps associated with the Au 4d spectrum. A summary of the different Au 
species are also shown in Table 4.3. In the Au and AuPd catalysts, there was evidence 
of Au0 and Au3+ which correspond to peaks with binding energies of 84.1 eV, and 86.6 
eV, respectively for the Au catalyst.37, 43, 44 There is also the presence of a third species, 
Au δ+ that has a binding energy close that of Au+ at 85 eV. This was due to “small gold 
nanoparticles”, as previously reported1 and discussed in Chapter 3. 
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In the Au catalyst, Au
 δ+ accounts for 26.5% of the total Au species. As Pd is introduced, 
there is significant decrease in the proportion of Auδ+, which could indicate larger 
particle sizes. When the concentration is correlated against the catalytic activity in 
WGS, there is a strong correlation: Catalysts with higher concentrations of Auδ+ are 
much more active than those with a small proportion of Auδ+ This is shown in Figure 
4.13. The Pd-rich catalyst Au8Pd92/CeZrO4 does not follow the trend as strongly as the 
other catalysts with higher molar quantities of Au. This observation can be rationalised 
by the fact that while there may be an appreciable quantity of Auδ+ the majority of the 
supported metal is Pd and so the catalytic activity will be largely dominated by the 
properties of this metal, rather than the Au. 
The XPS data presented above are consistent with the TPR data described earlier. This 
further provides evidence of variations in metal particle size across the range of 
catalysts. It should be noted that the same catalysts that consumed large quantities of 
hydrogen in the TPR experiment were also observed to have a large amount of Auδ+ 
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according to XPS. Correlation of the hydrogen consumption and Auδ+ yields a straight 
line in the catalysts in AuxPdy/CeZrO4 catalysts where x > 44 i.e. catalysts with a 
relatively large amount of Au. This correlation is shown in Figure 4.14. 
Overall, XPS was implemented to gain valuable information regarding the nature of the 
supported metals. A correlation between a feature assigned to small gold particles and 
catalyst activity was made, which corroborated the findings in the H2-TPR studies 
(Figure 4.14). Further, evidence of binding energy shifts in the Pd 3d and particularly 
the Au 4f spectra were found which was interpreted as evidence for the interaction 
between the two supported metals.  
 
4.3.3. In situ CO-Diffuse Reflectance Infrared Fourier Transform Spectroscopy 
(DRIFTS) 
The CO-DRIFTS spectrum of each catalyst was investigated in the region of 1800-2200 
cm-1 which includes the stretching modes of CO adsorption on Au and Pd. This 
technique has been extensively reported before to probe the interaction of CO and 
precious metal supported catalysts.11, 45-50 Assignments of specific bands to CO 
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adsorption on Au or Pd in different oxidation states have been made,51 however, it has 
been shown that CO can reduce PdO to Pd in supported Pd/CeO2 catalysts at room 
temperature52 so lower temperatures are needed to ensure that the oxidation states 
are representative of the sample and the reduced components are not exaggerated. 
However, the limitations of the equipment used in this experiment restricted the 
temperature range to room temperature or above. Conducting analysis at room 
temperature still represents an opportunity to observe the relative population of 
different vibrational bands attributable to Au or Pd.  The colour change observed in the 
post-analysis samples indicated that reduction had occurred under the experimental 
conditions and therefore no information regarding the oxidation states of the metals 
was sought. Instead, the focus was to analyse the position and intensity of the 
different CO bands and the contribution from each stretching mode in order to gain an 
insight into how CO interacts with the catalyst. Unless stated otherwise, all spectra 
refer to samples that have been exposed to CO such that there was no change in 
subsequent DRIFTS spectra. The higher wavenumber region of the spectra (2200 – 
2000 cm-1) has previously been assigned to linearly adsorbed carbonyl species and 
features at lower wavenumbers (2000-1800 cm-1) have been assigned to two-fold 
(bridged) or three-fold (hollow) adsorption of CO on Pd or AuPd.49, 53 CO-DRIFTS data 
for a range of AuxPdy/CeZrO4 catalysts are presented in Figure 4.15. 
The mono-metallic Au catalyst features just one band at 2113 cm-1, caused by the 
linear adsorption of CO on Au.51 This band corresponds to the adsorption of CO on 
metallic Au. There is a slight asymmetry of this feature that could indicate the 
presence of an adsorption mode at a higher frequency, 2125 cm-1, which is due to CO-
Auδ+.
51 The CO-DRIFTS spectrum observed in this work is consistent with previous 
reports for the Au/CeZrO4 catalyst.
51, 54 The mono-metallic Pd catalyst consists of two 
features: firstly, there is an intense band at 2092 cm-1 which corresponds to the linear 
adsorption of CO on Pd and secondly there is a broad feature that begins at 1960 cm-1, 
where two-fold and three-fold adsorption of CO on Pd occurs.48, 55 
Significantly, the adsorption band of CO-Au rapidly reduces in magnitude as Pd is 
introduced. The CO-DRIFTS spectrum of Au67Pd33 is dominated by Pd adsorption 
modes, suggesting that the surface of the catalyst is predominately formed of Pd. This 
explains to some extent why the catalytic activity of the bimetallic catalysts so quickly 
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decreases: The surface of the catalyst quickly becomes dominated by Pd, even when 
Au is in excess and so the catalytic activity is determined by the activity of the Pd active 
sites, which are of course less active than the Au ones. 
In addition, there are important differences in the relative intensity of the different 
absorption modes. As Pd content increases, the non-linear adsorption regions 
increase, which is explained by a higher proportion of Pd in the surface of the particles 
leading to a higher likelihood of contiguous Pd sites that give rise to non-linear CO 
adsorption. It is important to recognise the importance of different adsorption modes 
in this region. It has been experimentally demonstrated that the linear modes of CO 
adsorption on Pd are due to adsorption of CO molecules at the edge of the 
nanoparticle, on under co-ordinated Pd species.48, 55 In the context of the metal-
support interface active site model, these adsorption modes become catalytically 
significant. The non-linear adsorption modes are typically due to molecules adsorbing 
on extended metal surface such as the top of the nanoparticle. These are likely to be 
Figure 4.15 CO-DRIFTS spectra for selected AuPd/CeZrO4 catalysts: a) Au, b) Au93Pd7, c) 
Au67Pd33, d) Au44Pd56, e) Au12Pd88 and f) Pd. 
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less important in the reaction mechanism and could possibly be considered spectator 
sites. 
In order to measure the contribution of different adsorption modes in each catalyst, an 
“adsorption ratio” was calculated for each of the Pd-containing catalysts. The 
adsorption ratio is a measure of the linear component of the spectrum relative to the 
non-linear component, as shown in Figure 4.16. It is important to note that while the 
linear component makes up one type of adsorption, the non-linear component can 
comprise several modes: 2-fold, 3-fold and 4-fold adsorption.11 It also important to 
realise the limitations of the adsorption ratio. No quantitaive information can be 
sought from comparsion between the two features, as the extinction co-efficients of 
the various species adsorbed on the surface are not known and time-consuming to 
calculate. However, qualitative information can be gained from comparing the 
adsorption ratios between different catalyst samples. 
Figure 4.17 shows the correlation between the adsoprtion ratio of the AuPd catalysts 
and the catalytic activity. Similar to the correlations observed in the H2-TPR and XPS 
data, a strong positive correlation can be plotted whereby the catalysts with the 
highest adsorption ratios are the most active catalysts. 
 
Figure 4.16 CO-DRIFTS spectrum of an AuPd catalyst showing how 
the adsorption ratio is calculated 
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Figure 4.17 The correlation between the adsorption ratios measured in in situ CO-
DRIFTS experiments and the catalytic activity in a) WGS and b) CO oxidation. 
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This correlation is easily understood in the context of the origins of the different 
adsorption modes, as explained above. The adsorption ratio measures the contribution 
from linear or edge sites compared to the non-linear or top sites. Therefore the 
adsorption ratio is analogous to metal particle size or interfacial area. Catalysts with 
large adsorption ratios will have fewer non-linear, bridged adsorption sites compared 
to catalysts with larger metal particles whose CO-DRIFTS spectrum will feature a larger 
degree of top adsorption sites compared to edge sites. This is based on an assumption 
regarding the shape of the nanoparticles: that they are hemi-spherical or cub-
octohedral particles. High resolution microscopy could verify this and is the subject of 
a later section in this chapter. Significantly, it can be seen that the Pd catalyst had a 
higher adsorption ratio than Au44Pd56 and Au12Pd88, both of which were less active 
than the monometallic Pd catalyst. This could serve as evidence that the monometallic 
Pd catalyst had a smaller particle size than the Pd-rich bimetallic catalysts, which 
would explain the monometallic catalysts superior activity for WGS. This analysis is 
restricted to Pd-rich catalysts as the catalytic activity of these catalysts is dominated by 
into the catalyst surface by probing the Pd adsorption modes. 
4.3.4. Electron microscopy 
A selection of Au, Pd and AuPd/CeZrO4 catalysts were analysed using a TEM/STEM 
microscope as detailed in Chapter 2 in order to estimate the particle size distribution 
and morphology of the AuPd/CeZrO4 catalysts.  The following samples were studied: 
 Au/CeZrO4 
 Au93Pd7/CeZrO4 
 Au55Pd45/CeZrO4 
 Pd/CeZrO4 
The data for the monometallic Au/CeZrO4 catalyst was previously presented in Chapter 
3 however, this is relevant to this work and therefore a brief summary of the findings 
presented in Chapter 3 will be given below, before the presentation of the Pd-
containing catalysts. 
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Au/CeZrO4 
The particle size distribution is shown below in Figure 4.18 in addition to a dark field 
image of typical Au nanoparticles, exhibiting well faceted edges.   
 
Au93Pd7/CeZrO4 
Au93Pd7/CeZrO4 was selected for microscopic analysis because the effect of adding a 
small amount of Pd to the catalyst had not yet been established. Understanding how 
the presence of a small amount of Pd affects the nanostructure of the resultant 
catalyst would help to explain the activity trend of the AuPd catalysts for WGS. Figure 
4.19 shows that the Au nanoparticles reside in crevices between the support grains, 
similar to that of the monometallic Au catalyst. This suggests that the metal-support 
interaction is not strong in the bimetallic catalysts. The morphology was also 
investigated and evidence of cub-octohedral nanoparticles were found (Figure 4.20). 
Moreover, larger, rounder metal particles (Figure 4.21, bottom) and particles that 
were multiply twinned and more icosahedral in nature (Figure 4.21, top and middle) 
were present. The particle size distribution was measured (Figure 4.24, top) and the 
mean particle size was found to be 6.2 nm, significantly larger than the monometallic 
Au catalyst (4.5 nm). 
Figure 4.18 Left: Dark field image of Au nanoparticles exhibiting cub-octoherdal shape with 
well-defined facets and edges and right: particle size distribution of Au particles in Au/CeZrO4 
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The STEM HAADF data for the Au93Pd7 catalyst revealed that the introduction of a 
small amount of Pd results in a significant increase in the mean particle size. However, 
the cause of this increase must be explained and could be due to several factors.  It is 
important to note that in the absence of elemental analysis, it is not clear whether the 
metal particles presented here are bimetallic alloys or largely monometallic particles.  
Figure 4.19 DF (left) and BF (right) images of Au93Pd7/CeZrO4 catalyst with Au particles in 
crevices between support grains 
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Figure 4.20 DF (left) and BF (right) STEM images of Au93Pd7/CeZrO4 sample exhibiting well 
facetted cub-octahedral morphologies 
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Figure 4.21 DF (left) and BF (right) STEM images of Au93Pd7/CeZrO4 showing larger Au particles with 
icosahedral morphology (top, middle) and rounder, less clearly facetted particles (bottom) 
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Au55Pd45/CeZrO4 
In the Au55Pd45 sample, the Au:Pd molar ratio is close to 1 and so this catalyst was 
appropriate for analysis by STEM HAADF because it is often reported as being the most 
active bimetallic catalyst for oxidation reactions and it was among the least active for 
WGS in the AuPd bimetallic series tested in this work. Further, there is high chance of 
imaging bimetallic particles. Figure 4.22 shows examples of metal particles in this 
sample, which are large and rounded. Also present were twinned icosahedral particles, 
similar to those observed in the Au93Pd7 sample. The particle size distribution is 
presented in Figure 4.24 and the mean particle size was calculated to be 6.4 nm – 
significantly larger than the monometallic Au catalyst and very similar to that of the 
Au93Pd7 catalyst. 
Pd/CeZrO4 
Figure 4.23 shows the STEM HAADF data for the monometallic Pd catalyst. Resolving 
the metal nanoparticles was very challenging, due to the lower mass of Pd contrasting 
poorly with the CeZrO4 support. It is immediately apparent that the Pd particles are 
very small, most likely below 1 nm in diameter. Generating morphological and particle 
size distribution data for this sample was not possible, due to the difficulty in resolving 
the small metal clusters/particles. However, it can be concluded that the particles 
present in the monometallic catalyst are qualitatively smaller than the AuPd and Au 
catalyst prepared in this work. 
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Figure 4.22 DF (left) and BF (right) images of metal nanoparticles in Au55Pd45/CeZrO4 exhibiting 
round, icosahedral morphology (top and middle) and cuboctohedral morphology (bottom). 
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Figure 4.23 HAADF (left) and BF (right) images of Pd/CeZrO4. Poor resolution of Pd nanoparticles was 
caused by poor Z contrast with support 
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Figure 4.24 Particle size distribution of Au93Pd7/CeZrO4 (top) and Au55Pd45/CeZrO4 (bottom) 
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Overall, STEM HAADF was used to successfully resolve the size and shape of a selection 
of Au and AuPd catalysts. It was found that in the Au-containing catalysts, the 
monometallic Au catalyst had the smallest average particle size. Au93Pd7 was studied in 
order to assess the effect of introducing a small amount of Pd into an Au catalyst to 
form a bimetallic system. There was a significant increase in the particle size of this 
bimetallic catalyst. The least active catalyst for WGS, Au55Pd45 was also investigated 
using microscopy. Interestingly, the mean particle size of this catalyst was very similar 
to that of the Au93Pd7 catalyst, despite a large difference in the catalytic activity of 
these two materials. Finally, the monometallic Pd catalyst exhibited the smallest metal 
nanoparticles, which could only be estimated to be below 1 nm due to the difficulties 
in distinguishing the supported Pd from the support. This of course means that it is 
possible that monometallic Pd particles in bimetallic catalysts were not identified.  
The morphology of the nanoparticles was shown in Chapter 3 to change under 
reaction conditions and previous work has shown the shape of the nanoparticles to be 
related to the deactivation of the benchmark catalyst.1 In this microscopy study, the 
shape of the nanoparticles was also investigated, although compiling statistically 
relevant distributions of morphologies was not possible. However, qualitative 
observations were made: Typically, monometallic Au exhibited small cub-octohedral 
nanoparticles, with well facetted edges. Also present were larger, icosahedral particles 
often with multiple twins that had less well defined facets and a more rounded 
morphology. The Au93Pd7 sample also consisted of a mixture of well facetted 
cuboctohedral particles and larger, rounder icosahedral particles. The Au55Pd45 sample 
typically consisted of the larger, rounder particles but there was also evidence of well 
facetted smaller particles. Generally, the smaller particles tended to be well facetted 
while the larger ones were rounder, although counter-examples were also found. The 
importance of well facetted or rounded particles for high catalytic activity in WGS 
remains unclear, although it is feasible that these surfaces would have sufficiently 
different interactions with reactants such as CO, to have implications for the overall 
catalytic activity in the WGS reaction. A further complication lies in the absence of 
elemental identification: it is likely that there are monometallic Au particles as well as 
bimetallic ones in the Au93Pd7 and Au55Pd45 samples and differentiating between these 
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would allow insights to be made such as the distribution of each element in a given 
particle and how the elemental formulation of a particle affects its size and shape. 
The microscopy data acquired for the selected supported CeZrO4 catalysts is entirely 
consistent with the other characterisation presented in this chapter. H2-TPR, CO-
DRIFTS and XPS all gave indirect evidence of particle size differences between the 
catalyst samples and this has been corroborated by STEM HAADF.  
4.3.5. XRD 
XRD profiles of a range of bimetallic catalysts are presented in Figure 4.25. While XRD 
is used for bulk characterisations, it is also possible to detect reflections due to 
precious metals supported on metal oxides56-58 if the loading and crystallinity of the 
metals is sufficient. 
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Figure 4.25 XRD stack of AuPd/CeZrO4 catalysts. a) Au, b) Au86Pd14, c) Au55Pd45, d) Au44Pd56, e) Au12Pd88, f) 
Au8Pd92 and g) Pd The position where reflections due to Au (dashed lines) and Pd (solid lines) are 
marked on the diffractogram. 
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In this context, XRD can serve as a quick, useful tool to assess if a catalyst features well 
dispersed metal species or not; evidence of Au or Pd reflections would indicate poor 
dispersion and large metal particle size. The reflections due to Au would be expected 
at 2θ = 38.3o, 44.30, 64.7o and 76.8o that are due to the (111), (200), (220) and (311) 
planes, respectively of metallic Au.58, 59 These are indicated by the dashed lines in 
Figure 4.25. Reflections due to Pd would be expected at 2θ = 40.4, 46.7 and 68.1o, 
which are due to the (111), (200) and (220) phases, respectively. A PdO reflection 
would be expected at 32.6oC. These are indicated by the solid lines in Figure 4.25.  
There are no reflections at any of positions where Au or Pd would occur, indicating 
that there is not enough long-range order in the samples to give rise to reflections due 
to the supported metals. This is evidence of well dispersed supported metals, which is 
consistent with the previous characterisation data although based on the size of the 
average particle size from STEM, reflections due to Au/Pd would be expected. The 
absence of such relfections could indicate that the STEM was not representative of the 
sample and that the smaller species were missed. 
The reflections that are present are due to the CeZrO4 support and are typical of a 
tetragonal crystal structure (ICDD card: 01-081-1549). The position of each of the most 
intense reflections does not vary significantly with the Au:Pd ratios, suggesting that no 
incorporation of supported metal into the lattice has occurred. 
4.4. Conclusions 
In this chapter, the viability of AuPd/CeZrO4 for the WGS reaction prepared by DP was 
explored. It has been shown that the introduction of Pd to an Au/CeZrO4 catalyst has a 
severe, detrimental effect on the catalytic activity. The stability of the bimetallic 
catalysts was not higher than that of monometallic Au. The activity of the catalysts that 
had 0-50 mol% of Au did not vary significantly, which was rationalised by consideration 
of the mobility of Pd within the bimetallic nanocrystal, although this was not 
investigated experimentally. Where the Au mol% was 50-100% there was a large 
variation in the activity for WGS, whereby the higher the Au content, the higher the 
activity. 
The mechanistically similar CO oxidation and formic acid decomposition reactions were 
also investigated: Screening of the AuPd/CeZrO4 catalysts for these reactions gave 
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almost identical activity trends; each reaction showing an anti-synergistic trend across 
different Au:Pd molar ratios. This confirmed the prediction made by Bond that FAD 
could be used as a simple test reaction for WGS catalysts.4 The observation that FAD 
shares the same trend as CO oxidation and WGS suggested that are underlying 
similarities between these three reactions. Characterisation showed that the 
interfacial area of the catalysts varied across the series and this was correlated with 
catalytic activity. Catalysts with higher dispersion or a higher interfacial area of 
supported metal were more active for WGS, FAD and CO oxidation. Therefore it can be 
concluded that each of these reactions requires a well dispersed supported metal, with 
the metal-support interface likely serving as the active site. This is in contrast to benzyl 
alcohol oxidation, where the most active catalyst for this reaction was an AuPd catalyst 
with the molar ratio of nearly one. Therefore the active site for this reaction is 
different to that of WGS, FAD and CO oxidation.  
The fact that WGS, FAD and CO oxidation requires a similar catalytic active site could 
be exploited in the identification and design of future catalysts for these reactions. 
Catalysts active for FAD could also prove to be active for WGS and CO oxidation, 
although it is unclear if the activity trends observed in the AuPd catalysts would be 
applicable to other systems. 
A range of AuPd/TiO2 catalysts were prepared and screened for CO oxidation. Similar 
activity trends were seen and suggested that the processes that govern the activity are 
determined by the nature of the supported metal nanoparticle rather than the 
support. 
Numerous characterisation methods were employed to rationalise the anti-synergistic 
trends: H2-TPR showed a correlation between the consumption of hydrogen in the TPR 
experiment and the catalytic activity in WGS. This was rationalised by consideration of 
the metal dispersion and hydrogen spillover sites on the catalyst surface that implied 
the metal particle size was important in determining the catalyst activity. In situ CO-
DRIFTS corroborated the H2-TPR findings by showing a correlation between the mode 
of CO adsorption and catalyst activity. The mode of CO adsorption indicated details 
about the structure of the nanoparticle that led to the same conclusion as H2-TPR: 
Metal particle size determined the catalyst activity in WGS (and by extension, CO 
oxidation and FAD). XPS analysis of the Au 4f spectrum showed the presence of a 
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species that was assigned to small gold nanoparticles in each of the Au-containing 
catalysts. The concentration of this species in each catalyst was correlated with the 
WGS activity and a liner relationship was found, whereby catalysts that possessed a 
high level of Auδ+ were more active. Shifts in the binding energy of the Au 4f and Pd 3d 
signal were interpreted as evidence for the interaction of the two metals, showing the 
likely formation of an alloy in the bimetallic catalysts. 
HAADF STEM was employed to learn about the morphology of the nanoparticles and 
the mean particle size. The smallest nanoparticles were found on the monometallic Pd 
catalyst. The monometallic Au catalyst featured nanoparticles with a mean size of 4.5 
nm, compared to Au95Pd5, which had a mean particle size of 6.2 nm indicating that 
very little Pd is needed to significantly affect the final catalyst. The possibility of 
increased chloride in the reaction mixture during the catalyst preparation was 
suggested as a possible cause of the increased particle size although this is still not well 
understood. Au55Pd45 exhibited a mean particle size of 6.4 nm, the largest of any of the 
catalysts analysed using this technique. It also had the lowest catalytic activity. The 
particle size trends were consistent with the other characterisation tools used. The 
morphology of the nanoparticles was also investigated and qualitative conclusions 
were drawn: smaller metal nanoparticles tended to have well facetted edges, while 
the larger ones tended to be rounder. There was an abundance of small, well facetted 
cub-octohedral particles in the monometallic Au catalysts, which appeared to be less 
abundant in the bimetallic catalysts. However, formulation of quantitative information 
regarding the population of different particle shapes was not possible and the 
importance of different morphologies/facets was not understood.  
The current literature regarding CO oxidation and AuPd systems is somewhat 
conflicting. While numerous studies predict that AuPd catalysts should be effective 
WGS and CO oxidation catalysts based on theoretical calculations, the experimental 
reports have not shown this. Of the few reports that include AuPd catalysts for CO 
oxidation, supports such as SiO2 are used which are inherently less active and not 
comparable with the more widely studied, relevant supports such as Fe2O3, CeO2 and 
TiO2. The conflicting literature in this area can be summarised as follows: The 
theoretical reports do not take into account the dynamic structure of the bimetallic 
nano-alloy, which has been demonstrated to be susceptible to metal segregation. 
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Therefore simulations that assume specific arrangements of Au and Pd atoms may not 
be accurate representations of real catalysts. Mechanistically, the metal oxide support 
plays an important role in both WGS and CO oxidation so studying non-reducible 
supports does not enhance the understanding of AuPd catalysts that consist of the 
reducible supports described above. This work has shown that on CeZrO4 and TiO2, the 
combination of Au and Pd is not conducive to highly active catalysts in WGS and CO 
oxidation. The origin of this anti-synergistic effect is undoubtedly due to the observed 
particle size differences between the bimetallic catalysts in addition to the observation 
that the surface of bimetallic catalysts was dominated by Pd. 
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Chapter 5 
Ce-based metal oxide supports for the 
low-temperature water-gas shift reaction 
5.1. Introduction and aims of the chapter 
The role of the support in a water-gas shift catalyst (WGS) has been the subject of much 
research in recent years.1 In precious metal supported catalysts that feature Ce-based 
supports, e.g. CeZrO4 it is now known that the role of support is more than to simply 
immobilise the metal nanoparticles. It is responsible for dissociating water on the surface 
of the catalyst which then reacts at the metal-support interface with an adsorbed CO 
molecule.1, 2 The deactivation mechanism of the Au/CeZrO4 catalyst fundamentally 
concerns the interaction between the metal and the support, as discussed in Chapter 3. 
We showed that morphological changes and particle agglomeration occur under WGS 
reaction conditions therefore optimisation of the metal-support interaction should be 
considered integral to developing a stable catalytic system. The work presented in this 
chapter concerns the attempts made to modify the support with the aim of enhancing the 
metal-support interaction in order to minimise the agglomeration or morphological 
change under reaction conditions of the supported gold. This was attempted through two 
routes:  firstly through the addition of sub-surface dopants and secondly by the 
substitution of Zr to form a new mixed metal oxide support. A full literature review of Ce-
based supports for WGS catalysts is presented in Chapter 1.3. Below, a brief summary of 
the key findings that were the motivation for this work is presented. 
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5.1.1. Strategies to achieving stability through support modification 
Increasing the interaction between the metal and the support is an ongoing field of 
investigation. Recent advances made by Freund and co-workers showed that the addition 
of sub-surface dopants could affect the properties of a surface gold nanoparticle.3-5 The 
addition of Mo beneath the surface of CaO resulted in a more 2D like gold structure at the 
surface. The prospect of anchoring a gold species without affecting the chemical 
composition of the surface is an appealing one so the stability of Au supported on Mo-
doped CeZrO4 was investigated for WGS. 
Other strategies to achieving stable catalysts involve the adjustment of the chemical 
formulation of the support. The modification of CeO2 to form novel mixed metal oxides 
has led to the discovery of many materials with superior properties to CeO2.
6 Ceria-titania 
is no exception and has been successfully used as a catalyst support for a number of 
reactions, including CO oxidation7, 8 and dry methane reforming.9 The addition of Ti to Ce 
has been reported to produce a mixed metal oxide with enhanced redox properties, due 
to the introduction of oxygen vacancies and small crystallite sizes.7, 10, 11 The pioneering 
surface science studies of Rodriguez and co-workers have shown in model studies, that 
Au/CeO2-TiO2 yields a remarkably active catalyst for the WGS reaction.
12 However, despite 
research interest in this area, Ce0.5Ti0.5Ox has not been directly compared to CeZrO4 
supported catalysts for activity or stability in the WGS reaction. Therefore the potential of 
this support in the low-temperature WGS reaction is unknown. In addition, the 
optimisation of the support has not been carried out.  
Ce0.5Al0.5Ox is not as widely studied as many Ce-based mixed metal oxides but there are 
reports concerning Au supported on Ce0.5Al0.5Ox for the WGS reaction
13, 14 and CO 
oxidation.15 In addition, the successful application of alumina to stabilise industrial 
catalysts makes it an appealing oxide to investigate.16 However, the properties of the 
catalyst have been shown to be highly dependent on the preparation method.13, 17 In 
many of the reports on ceria-alumina catalysts for the WGS reaction13, 14, 17-19 the reaction 
conditions were not representative of the typical gas composition that would exist in a 
fuel cell reformer. Therefore reports of high stability and activity are not necessarily 
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relevant in the context of fuel cell applications. Gold supported on mixed metal oxides of 
Ce and Al prepared by the sol-gel method has not been reported for WGS, despite 
promising results achieved in similar systems. Therefore the activity and stability of gold 
supported on Ce0.5Al0.5Ox and Ce0.5Ti0.5Ox were investigated and compared to Au/CeZrO4. 
5.1.2. Chapter aims  
The aim of this chapter was to attempt to stabilise the benchmark gold catalyst through 
modification of the support. Mo-doped CeZrO4 was investigated as a catalyst support to 
enhance the stability of a supported gold catalyst. Ce0.5Ti0.5Ox and Ce0.5Al0.5Ox were 
prepared and compared to a standard Au/CeZrO4 catalyst and the best candidate was 
selected for further investigation. The properties of the supports were examined by using 
numerous tools to characterise the novel materials and establish the most significant 
properties required for active WGS catalysts. 
5.2. Mo-doped CeZrO4 as a support for WGS catalysts 
The use of sub-surface dopants was considered to be an appropriate strategy for 
preventing the deactivation of Au/CeZrO4 given that the deactivation mechanism concerns 
the morphology and strength of interaction between gold and the support. Thus, a 
number of doped supports were prepared with various amounts of Mo-doped into the 
support that was synthesised in a conventional sol-gel methodology, as described in 
Chapter 2.2.1. Mo-doped CeZrO4 was prepared with X wt% Mo-CeZrO4, where X = 0.1, 1, 2 
or 5. The supports were then characterised using XPS and XRD, before being used as 
supports for 2 wt% Au catalysts that were prepared using the conventional DP method 
described in Chapter 2.2.3. 
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5.2.1. Characterisation of Mo-doped CeZrO4 
XRD 
A stack of the XRD patterns of the Mo-doped CeZrO4 supports are presented in Figure 5.1 
as well as an undoped CeZrO4 support for comparison. Each of the samples exhibited a 
similar diffraction pattern, each consistent with the cubic crystal system of CeO2. The 
reflections at 2θ = 29, 33, 47, 56 and 59o are due to the (111), (200), (220), (311) and (222) 
planes. These are indicated by an asterisk (*) in Figure 5.1. The samples containing Mo 
might be expected to exhibit reflections due to molybdenum oxides, such as MoO3. An 
intense reflection due to MoO3 would be expected at 2θ = 25
o however there is no feature 
in this region, showing that if MoO3 is present, it is not sufficiently crystalline to be 
detected using XRD. This ‘XRD invisibility’ is common in supported metal catalysts and 
could indicate that the Mo is well dispersed in the material. 
10 20 30 40 50 60 70 80
2θ (o) 
Figure 5.1 XRD stack of Mo-doped CeZrO4 supports: a) un-doped CeZrO4, b) 0.1 wt% Mo-
CeZrO4, c) 1 wt%Mo-CeZrO4, d) 2 wt%Mo-CeZrO4 and e) 5 wt%Mo-CeZrO4. * indicate 
reflections due to cubic CeO2. 
* 
* * * 
* 
e) 
d) 
c) 
b) 
a) 
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The position of the most intense reflection, at 29o, varies between samples. Table 5.1 
shows the lattice parameter of each Mo-doped sample. The un-doped CeZrO4 lattice 
parameter was calculated to be 5.33 Å. Each of the Mo-doped CeZrO4 exhibit larger lattice 
parameters than the un-doped materials, which could be because of distortion of the 
lattice due to the inclusion of Mo, although the ionic radii of Mo cations is considerably 
smaller than Ce so it is intuitive that there would be an overall decrease in the lattice 
parameter if Mo was substituted for Ce. 
Table 5.1 Lattice parameter and surface composition of doped supports determined 
using XRD and XPS 
 
However, it well known that the Ce:Zr molar ratio also affects the lattice parameter20, 21 of 
the materials and so variations in this between the Mo-doped samples can also contribute 
to the difference in lattice constant. Zhang et al. showed the relationship between the 
lattice parameter and Ce concentration in a series of solid solutions annealed at 1200 oC. 
Where Ce concentration is 60%, the lattice parameter is at a minimum of 5.34 Å. 
Deviations above or below this value resulted in larger lattice parameters. Based on the 
calculated lattice parameters, the Ce:Zr ratios of these materials could potentially vary 
significantly from the nominal 1:1 ratio. Given the relatively small quantity of Mo that was 
added to the CeZrO4, it is likely that the cerium and zirconium content is a more significant 
contributor to the lattice constant than the Mo content and so the presence of Mo cannot 
be inferred from this parameter. 
Nominal Mo loading (wt %) 
Lattice 
constant (Å) 
Elemental composition (at %) Ce:Zr 
molar ratio Ce Zr O Mo 
0.1 5.37 17.1 8.7 74.2 0 2.0 
1 5.37 12.9 8.0 72.9 6.2 1.6 
2 5.40 14.8 8.4 76 0.9 1.8 
5 5.37 12.1 10.7 74 3.2 1.1 
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Overall, XRD showed that there was no evidence of long-range ordered Mo in the doped 
CeZrO4 supports. Each material exhibited a cubic structure typical of Ce-based mixed 
metal oxides, showing that the addition of Mo did not prevent the formation of the 
expected mixed metal oxide phase. While the bulk properties of the material are 
important, the surface of the Mo-doped material was also of interest and therefore 
characterisation of this part of the support was carried out. 
XPS 
XPS was carried out on the doped supports in order to gain quantitative information 
regarding the surface concentration of Mo in the catalyst and the chemical state of the 
other constituent elements present. A stack of the Mo 3d region of the XP spectrum is 
shown below in figure 2 for the Mo-doped supports. There is the existence of one species 
in each of the samples that has been assigned to Mo6+ in the form of MoO3 with a binding 
energy at 232.8 eV, corresponding to the Mo 3d5/2 peak. The 0.1% Mo-CeZrO4 did not 
exhibit a peak in this region, showing that there was not a significant quantity of Mo on 
the surface of the catalyst. The surface concentration of Mo in each sample was calculated 
for the other supports and the surface elemental composition is shown above in Table 5.1. 
The concentration of Mo in each sample does not reflect the nominal value. 1% Mo-
CeZrO4 displayed the highest surface concentration of Mo, at 6.2 at%, almost twice as 
much as the 5% Mo-CeZrO4 which had 3.2 at%. This shows the lack of control of metal 
loading in this preparation method. The purpose of introducing the Mo during the 
synthesis of the support was to ensure minimal levels of surface Mo, as the stabilising 
effect requires the Mo to be sub-surface. In the majority of the samples, this was not 
achieved, although it is unclear whether the Mo migrated or segregated to the surface 
during the drying or calcination step from the bulk, or precipitated there during the 
synthesis. 
If the CeZrO4 precursor precipitated before the Mo, it is feasible that the Mo would be 
deposited on the surface. XPS analysis at different stages of the preparation could clarify 
this. The atomic % of the constituent elements is also presented in Table 5.1. 
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The variation in Ce content is significant: the 0.1% Mo-CeZrO4 had a Ce:Zr ratio of 2.0 
whereas the 5% Mo-CeZrO4 had a ratio of 1.1. This does not necessarily reflect the bulk 
composition, although the ease with which Ce and Zr form solid solutions means that it is 
an adequate approximation. It is unclear how the Mo precursor, ammonium 
heptamolybdate, could affect the Ce:Zr ratio in the resultant material, especially as there 
is no correlation between the nominal or actual Mo content and the Ce:Zr ratio.  
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Figure 5.2 Left:  Mo 3d spectra  a) 1 wt% Mo-CeZrO4, b) 2 wt% Mo-CeZrO4 and c) 5 wt% 
Mo-CeZrO4 and right: Ce 3d of a) 0.1 wt% Mo-CeZrO4, 1 wt% Mo-CeZrO4, 2 wt% Mo-
CeZrO4 and 5 wt% Mo-CeZrO4. 
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 Table 5.2 Relative compositions of different Ce and O species present in the Mo-doped 
CeZrO4 
 
While the surface composition of elements is extremely important, the bulk composition 
is also a relevant parameter to measure as it would enhance the understanding of 
structure of the material. This is challenging however, as SEM-EDX is not sensitive enough 
to accurately quantify small amounts of Mo and so this method cannot be used. The total 
digestion of the sample and the subsequent analysis using MP-AES was attempted, but 
the digestion media used was not sufficient to digest these materials. The Ce 3d spectrum 
of each of the Mo-doped supports is also shown in figure 2. The deconvolution of the Ce 
3d is challenging, due to the large number of features within. As with the data in Chapter 
3, the fitting was modelled on the early work of Burroughs.22 Table 5.2 shows the relative 
concentrations of Ce3+ and Ce4+. This can indicate the number or defect sites on the 
surface of the catalyst, which are the activation sites of water in the WGS reaction.13, 23, 24 
The samples with a higher nominal loading of Mo have a higher amount of Ce3+ compared 
to the un-doped supports. This could be due to the formation of defect sites as a result of 
the Mo on the surface although the surface concentration of Mo, as determined from the 
Mo 3d spectra, does not correlate with the concentration of Ce3+. 
Table 5.2 also shows the composition of the different oxygen species in each of the Mo-
doped samples. There are differences in the shape of the spectra across the range of 
samples. This is illustrated in Figure 5.3, which shows a stack of O 1s spectra for the 
samples. Accurate deconvolution of the O 1s region is challenging, with multiple O 
features present in the Mo-containing samples over a relatively small region. 
Furthermore, the full width half maximum (FWHM) of these features heavily influences 
Nominal Mo loading (wt %) 
Species composition (%)  
Ce3+ Ce4+ O' O'' 
5 42.5 57.5 57.7 42.3 
2 42.7 57.3 56.9 42.6 
1 34.6 65.4 53.9 46.1 
0.1 31.5 68.5 56.7 42.9 
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the relative concentrations and while the lattice oxygen signal is generally fitted with a 
smaller FWHM than for example hydroxyl O, it is unclear exactly how wide each signal 
should be. However, the peaks have been fitted and are tentatively assigned as follows: 
The peak at 529 eV corresponds to lattice oxygen bonded to a metal, O’, while the 
broader feature at 531 eV corresponds to hydroxyl groups, labelled O’’.25, 26 There is not a 
significant difference between the line shape of the samples. For the 0.1 wt% and 2 wt% 
samples, a third peak was fitted. The line shape of these samples had a shoulder at 533 
eV, most likely due to a carbon-oxygen bond, perhaps a carbonate species.27-29 This 
observation is consistent with a corresponding carbonate signal in the C 1s spectrum. The 
quantity of oxygen due to carbonate makes up a very small part of the total O 1s signal 
and should not affect the quantitative interpretation of the other features significantly. 
The origin of the carbonate is unknown, but is likely due to adventitious carbon 
contamination. 
527529531533535537
Bnding energy (eV) 
Figure 5.3 O 1s spectra of a): 0.1 wt% Mo-CeZrO4 , b) 1 wt% Mo-CeZrO4, c) 2 wt% 
Mo-CeZrO4 and d) 5 wt% Mo-CeZrO4. 
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The characterisation of the Mo-doped materials was challenging. XRD showed that the 
doped materials all exhibit a cubic crystal system, consistent with ceria-zirconia but did 
not show any evidence of Mo. The variation in lattice parameter was most likely due to 
variations in the Ce and Zr content in the materials. XPS confirmed that there were large 
variations in the molar ratio of Ce and Zr although these variations did not correlate with 
the lattice parameter. The presence of multiple phases was highlighted as a possibility for 
this. XPS also showed the presence of Mo on the surface of the materials although the 
concentration did not scale with the nominal loadings, suggesting a poor degree of control 
in the sol-gel preparation method. Differences between the Ce3+/Ce4+ concentration were 
also identified but these did not correlate with the Mo content or Ce:Zr ratio. While many 
characteristics of these materials were not well resolved, it was shown that a series of Mo-
doped ceria-zirconia material were successfully synthesised. 
5.2.2. The activity and stability of Au/Mo-CeZrO4 
The Mo-doped supports were used to prepare a range of 2 wt% Au/X wt%Mo-CeZrO4 
catalysts using the standard DP method. They were then tested and screened for their 
activity and stability in the low-temperature WGS reaction. Catalyst screening showed 
that the introduction of Mo into the support severely reduced the catalytic activity of the 
resultant catalyst. As discussed above, while only one variable was changed in the 
preparation method, the resultant materials contained more differences than just the Mo 
content, for example the Ce:Zr ratio. As shown above, there was an appreciable amount 
of Mo on the surface of many doped CeZrO4 samples. Figure 5.4 shows a plot of the actual 
Mo content as determined by XPS and the catalytic activity compared to an un-doped 
catalyst. As the surface Mo content increases, the WGS activity decreases. Mo has 
previously been identified as a poison on Pd/CeO2 catalysts for the WGS reaction.
30 Gorte 
and co-workers showed that Mo exchanged with surface hydroxyl groups and disrupted 
the redox properties of the catalyst. 
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The only catalyst that exhibited a similar activity as the un-doped catalyst was Au/0.1% 
Mo-CeZrO4, which exhibited the same activity within experimental error. In light of this, 
the stability of this catalyst was studied over a longer time period (16 h). The stability of 
the benchmark catalyst and Au/0.1%Mo-CeZrO4 is shown below in Figure 5.5. The stability 
of each catalyst is almost identical. According to XPS, there was no Mo at the surface of 
the catalyst, and most bulk techniques are not sensitive enough to measure low quantities 
of the dopant. Therefore it was not possible to establish if any sub-surface Mo was 
present in the catalyst sample. 
In conclusion, the doping of CeZrO4 with Mo was not effective in enhancing the stability of 
the benchmark catalyst. The sol-gel route for preparing Mo-doped CeZrO4 was not 
effective as Mo was present on the surface and the Ce:Zr ratios were variable. The 
catalysts displayed poor activity in the WGS reaction, most likely due to the poisoning 
effect of Mo that was previously reported.31 The degree of control required to achieve the 
optimum level of sub-surface dopant in the material at the correct distance from the 
surface is unrealistically high using sol-gel or co-precipitation methods, which could 
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Figure 5.4 Comparison of the WGS activity of Au catalysts as a function of the surface Mo 
concentration determined using XPS where Au/CeZrO4 (●), Au/0.1 wt%Mo-CeZrO4 (▲), 
Au/2 wt%Mo-CeZrO4 (♦) and Au/1 wt%Mo-CeZrO4 (■). 
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explain why no reports exist on powder samples exhibiting the remarkable effect seen in 
Freund and co-workers’ model catalysts.5 The prospect of exploiting the stabilising effect 
of sub-surface dopants remains an appealing one, but advances in catalyst preparation 
and the understanding of the sub-surface dopant effect must be made in order to 
realistically apply this to powder catalysts. 
5.3. Substitution of Zr for M (where M=Al or Ti) 
5.3.1. The activity and stability of CeMOx materials 
The importance of the Zr cation in the CeZrO4 mixed metal oxide was investigated by 
substituting Zr for Ti or Al. These materials were prepared with nominally equi-molar 
quantities of Ce and Ti or Al, to form Ce0.5Ti0.5Ox or Ce0.5Al0.5Ox using a sol-gel synthesis 
and compared to a CeZrO4 support prepared in the same way, as described in Chapter 
2.2.2. The sol-gel method is extensively used in catalysis to produce well-dispersed, high 
surface area mixed-metal oxides. It has also been shown to yield high numbers of defect 
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Figure 5.5 Comparison of the stability of Au/CeZrO4 (red circles) and Au/0.1%Mo-CeZrO4 
(black diamonds) during a 16 h time on-line study 
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sites in CeO2 based materials,
32 which is desirable as these sites are responsible for the 
activation of water in the WGS reaction24 and can function as nucleation sites for metal 
nanoparticles.33-35 
Titanium was selected as an appropriate metal to substitute Zr with for many reasons, as 
described in the introduction to this chapter. Despite being reported before, 
Au/Ce0.5Ti0.5Ox has not been investigated in the context of the catalyst stability in the WGS 
reaction, nor has the preparation of the material been properly optimised. Accordingly, it 
remains unclear how this mixed metal oxide compares to such supports as CeZrO4 or 
Ce0.5Al0.5Ox. Aluminium is a widely used element in catalysis, particularly in its oxidic form 
as a thermally robust support. While Ce doped onto Al2O3 has been studied for WGS, with 
promising results as a support for Au, the mixed metal oxide is not as well studied and its 
stability and activity compared to Au/CeZrO4 has not been reported. Overall, the research 
carried out on the aforementioned supports has provided a strong basis for carrying out 
further work on these materials but the large variation in the experimental conditions 
used by different research groups has prevented a consensus being reached on which 
material is the optimum support. The aim of Chapter 5.3 is to evaluate the activity and 
stability of gold supported on CeZrO4, Ce0.5Ti0.5Ox and Ce0.5Al0.5Ox in a manner that allows 
direct comparisons to be made regarding the activity and stability. Furthermore, extensive 
characterisation was carried out with the aim of identifying the key properties that give 
rise to active and stable supports for gold catalysts for the WGS reaction. 
TGA analysis in flowing air was performed on the catalysts prior to calcination in order to 
establish the most appropriate calcination temperature. The data is presented below in 
Figure 5.6. The decomposition of both precursors was complete at 500 oC and so this was 
selected as the calcination temperature. This is also consistent with similarly prepared Ce-
based oxides.7, 36 Once the supports were synthesised, gold was deposited using the 
standard DP method described in Chapter 2.2.3 to achieve nominal loadings of 2 wt% Au. 
These were then tested for WGS activity and stability and compared to the Au/CeZrO4 
catalyst investigated in Chapter 3. The time on-line data for the three catalysts is shown in 
Figure 5.7 (top graph). It can be seen that the highest conversion was by the CeZrO4 and 
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Ce0.5Ti0.5Ox supported catalysts while the Ce0.5Al0.5Ox achieved the poorest conversion. 
Although the CeZrO4-supported catalyst achieved an initially higher conversion than the 
Ce0.5Ti0.5Ox, the difference is within error and so the activity of the two catalysts can be 
considered to be the same within experimental error. In addition to the activity, the 
stability of the catalysts was measured and is represented by the normalised conversion 
graph shown in Figure 5.7 (bottom graph). The most stable catalyst was Au/Ce0.5Ti0.5Ox, 
followed by Au/CeZrO4 while the least stable catalyst was Au/Ce0.5Al0.5Ox. After 10 h on-
line, Au/Ce0.5Ti0.5Ox, Au/CeZrO4 and Au/Ce0.5Al0.5Ox retained 82%, 73% and 60% of their 
initial activity. This represents a significant difference in stability. 
This observation was initially unexpected, as there is a precedent for using Al2O3 to 
stabilise many catalysts and Au/CeO2-Al2O3 has also been reported to be stable.
14 
However, the importance of preparation method has also been noted: Physical grinding of 
Ce(NO3)3 onto Al2O3 followed by calcination was reported to stabilise the resultant gold 
catalyst while wash-coating did not improve stability.13 This finding showed the 
importance of preparation methods in determining the final properties of the material. 
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Figure 5.6 TGA profiles of Ce0.5Ti0.5Ox (red) and Ce0.5Al0.5OX (black) precursors. 
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Figure 5.7 Activity (top graph) and stability (bottom graph) data for Au/CeZrO4 (blue), 
Au/Ce0.5Ti0.5Ox (red) and Au/Ce0.5Al0.5Ox (black) 
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5.3.2. Characterisation of CeZrO4, Ce0.5Ti0.5Ox and Ce0.5Al0.5Ox 
MP-AES 
In order to identify the properties of each catalyst that gave rise to the observed stability 
and activity, extensive characterisation of the materials was carried out. Firstly, MP-AES 
analysis of digested samples of each catalyst showed the actual metal loadings of gold on 
the surface, shown in Table 3. One of the first differences of note is the variation in total 
metal loading between the samples. Au/CeZrO4 had the highest Au loading of 1.59 wt%, 
compared to the Ce0.5Al0.5Ox and Ce0.5Ti0.5Ox catalysts that had 1.45 and 1.30 wt% Au, 
respectively. The cause of the discrepancies in the actual metal loading could be related to 
the surface charge of the support during the catalyst preparation. This is determined by 
the point of zero charge (PZC) of the material. The PZC is an important parameter to 
consider when preparing catalysts via the DP route as this defines the strength of 
interaction between the gold species in solution and the support itself. Supports with a 
lower PZC will become negatively charged at a lower pH which will mean that the surface 
charge at pH 8 (used in the preparation of these catalysts) will be different to that of a 
support with a high PZC. A stronger interaction between the metal precursor and the 
support will give higher metal loadings but poorer dispersion. 
N2 physisorption 
The specific surface area of a support is an important property to measure as supports 
with higher surface areas typically can facilitate high metal loadings while retaining high 
dispersion and therefore they can support more active sites per mole of supported metal. 
The measured specific surface area is shown in Table 5.3. The surface area of Ce0.5Ti0.5Ox 
and Ce0.5Al0.5Ox was 143 and 158 m
2 g-1, respectively. The CeZrO4 had the lowest specific 
surface area, which was measured as 83 m2 g-1. 
XRD 
XRD was used to gain an insight into the size of the crystallites as well as the phase(s) 
present in the support. Figure 5.8 shows the diffraction pattern of Ce0.5Al0.5Ox and 
Ce0.5Ti0.5Ox as well as CeZrO4 for reference. The XRD pattern of CeZrO4 was consistent with 
a cubic crystal structure, corresponding to other reports.20 Reflections at 2θ = 28.9o, 33.4o 
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and 47.8o are the (111), (200), (220) and (311) planes of the fluorite-type structure. The 
Ce0.5Ti0.5Ox support exhibits a similar structure with analogous reflections at 2θ = 28.6
o, 
33.2o and 47.6o. These represent an approximate shift of 0.2o in the angle of reflections in 
the material. CeZrO4 exhibits a small feature at 59.4
o which is due to the (222) plane of the 
cubic crystal structure. This feature is not present in the Ce0.5Ti0.5Ox sample, most likely 
due to the line broadening caused by a small crystallite size. Table 5.3 shows the lattice 
parameter of the materials based on the cubic crystal structure. The differences in the 
positions of the reflection correlate to a difference of 0.05 Å in the dimension of the unit 
cell. The difference in the size of the unit cell could be due to a number of factors. Firstly, 
the substitution of Zr for Ti would naturally result in a difference as the size of the Zr4+ and 
the Ti4+ cationic radius. The Zr4+ ionic radius is significantly larger than that of the Ti4+. 
Therefore it is unexpected that the Ce0.5Ti0.5Ox support exhibits a larger lattice parameter.  
Figure 5.8 XRD patterns of a) Ce0.5Al0.5Ox, b) Ce0.5Ti0.5Ox and c) CeZrO4. 
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It has been shown that in ceria and ceria-terbia mixed metal oxides, a decrease in the 
crystallite size results in a decrease in the lattice parameter.37, 38 In the case of the 
Ce0.5Ti0.5Ox and the CeZrO4 solutions, the Ce0.5Ti0.5Ox material exhibits the smaller 
crystallite size, determined using the Scherrer equation and presented in Table 5.3. The 
estimated crystallite size for Ce0.5Ti0.5Ox and CeZrO4 were 4.2 nm and 7.1 nm, respectively. 
Therefore it would be expected that the Ce0.5Ti0.5Ox have a smaller lattice parameter. 
Another consideration is the extent of the incorporation of the Ti into the CeO2 lattice and 
the actual molar ratio of the Ce:Ti. CeO2 prepared using a conventional sol-gel 
methodology has a lattice parameter of 5.39 Å, as shown in Chapter 5.3.2 below. This 
value was consistent with previous reports.20 The Ce0.5Ti0.5Ox material has a very similar 
value to this, suggesting that the lattice of both materials is similar, although it should be 
noted that the CeO2 material had a larger crystallite size (12.3 nm). 
The Ce0.5Al0.5Ox material exhibited a very different diffraction pattern to that of the Zr- and 
Ti-containing materials. While there were very broad shoulders in the region where the 
reflections of a cubic crystal system would appear, the diffractogram was dominated by 
sharp features that were difficult to match with the International Centre for Diffraction 
Data (ICDD) database. The broad cubic crystal shoulders could indicate well dispersed or 
amorphous CeO2 that is almost undetectable by XRD. The sharper reflections are 
consistent with cerium carbonate hydroxide hydrate, Ce2(CO3)2(OH)2. H2O according to the 
best matched XRD pattern from the ICDD (Reference code: 00-046-0369). The formation 
of this phase is unexpected as the TGA analysis of the precursor showed that at 500 oC, 
complete oxidation of the material had occurred. The precursor was subjected to an 
atmosphere of flowing air for 5 h, which was expected to be sufficient for the formation of 
the oxide, and was sufficient in the CeZrO4 and Ce0.5Ti0.5Ox materials. The estimation of the 
crystallite size was 37 nm, significantly higher than the Ce0.5Ti0.5Ox and CeZrO4. It is 
possible that the large crystallite size prevented the full oxidation of the materials. The 
incomplete formation of the oxide would be expected to have a deleterious effect on the 
redox properties; the oxygen mobility would be expected to be poor. 
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It has previously been shown that the particle size of CeO2 affects the WGS activity in 
Au/CeO2 catalysts.
23, 35 Flytzani-Stephanopoulos and co-workers prepared a range of 
Au/CeO2 catalysts with different crystallite sizes and surface areas. Weakly bound Au was 
removed using NaCN leaching and it was found that CeO2 supports with smaller crystallite 
sizes retained a larger proportion of the Au. The origin of this effect was thought to be 
because of the increased oxygen vacancies present in small crystallites of CeO2, which has 
previously been reported.34, 39, 40 It has also been suggested that smaller crystallite sizes 
thermodynamically favour the creation of oxygen defects.41 Therefore small crystallite 
sizes are desirable as it leads to a strong interaction between the supported metal and the 
support. 
In addition to the enhanced metal-support interaction that small CeO2 particles facilitate, 
the redox properties are also highly dependent on the crystallite size of the support. 
Below crystallite sizes of 10-15 nm of CeO2, the facile formation of oxygen defects and 
Ce4+ -> Ce3+ is observed.33, 34, 39 This “critical size” is significant because the Ce0.5Ti0.5Ox 
crystallite size was calculated to be 4.2 nm whereas in Ce0.5Al0.5Ox it was 37 nm. 
Therefore it would be expected that the Ce0.5Ti0.5Ox sample would exhibit superior redox 
properties to the Ce0.5Al0.5Ox. Furthermore, it was reported by Tsang and co-workers that 
at particle sizes smaller than 4.7 nm superoxide species (O2
-) are generated which further 
increased the amount of reducible oxygen.10 
Overall, the XRD data highlighted the structural differences in the materials and showed 
that while solid solutions of CeZrO4 or Ce0.5Ti0.5Ox are easily prepared, this is not the case 
for Ce0.5Al0.5Ox. 
H2-temperature programmed reduction (TPR) 
H2-TPR was carried out on the three supports to measure the redox properties of the 
materials. The reduction of CeO2 and Ce-based oxides has been widely studied and the 
TPR profile of such materials is characterised by two processes: surface and bulk 
reduction.10, 26 The temperature at which the surface and bulk reduction occurs is 
dependent on several factors, including the crystallite size and morphology as well as the 
concentration of defects.34 As discussed above, the concentration of defect sites and the 
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crystallite size are related.  The H2-TPR profile of each support is shown in Figure 5.9. 
Ce0.5Ti0.5Ox exhibits the lowest reduction peak at 380 
oC, which was due to the surface 
reduction of Ce4+ to Ce3+. The analogous reduction temperatures of Ce0.5Al0.5Ox and CeZrO4 
occur at very similar temperatures – 500 oC although the hydrogen consumption is much 
greater in the CeZrO4 sample, suggesting greater oxygen mobility. The hydrogen 
consumption is shown in Table 3. The origin of the enhanced hydrogen consumption of 
the CeZrO4 support is most likely related to the inclusion of Zr in the lattice and the high 
oxygen storage capacity that results. The enhanced reducibility of CeZrO4 is well known 
and has been extensively studied in the context of automotive catalysts.6 Murota et al. 
showed that the surface reduction peak of the CeZrO4 became stronger compared to the 
bulk reduction feature with the addition of Zr.42 This was one of the first demonstrations 
of the enhanced oxygen mobility of CeZrO4. The Ce0.5Al0.5Ox exhibited the poorest 
hydrogen consumption and is most likely related to the incomplete formation of the 
mixed metal oxide as well as the large crystallite size. In addition, Ce0.5Al0.5Ox materials 
have been reported to exhibit poor redox properties when prepared by co-precipitation.13, 
14 
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Figure 5.9 H2-TPR traces for Ce-based supports of a) CeZrO4, b) Ce0.5Al0.5Ox and c) 
Ce0.5Ti0.5Ox 
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Raman spectroscopy 
Raman spectroscopy was utilised in order to supplement the analysis of the phases of the 
support as well as reveal information regarding the defect sites in the mixed metal 
oxides.40 The data is presented in Figure 5.10. The characteristic feature of CeO2 is a band 
at 460 cm-1 which is the result of F2g stretching mode of a fluorite-type structure, in this 
case due to CeO2.
40 The positions of the F2g band vary across the CeMOX supports. The 
shift in the position of the F2g band is most likely due to a number of factors. Herman et al. 
found that the size of a CeO2 nanoparticle affected both the position of the band as well 
as the line shape. Smaller particles gave broader, more asymmetric bands at lower 
energies.43 In addition to this, the intensity of the band has been shown to be proportional 
to the particle size of CeO2.
44 Another feature of interest exists in the spectrum: At 600 
cm-1 a very weak band induced by defects in the sample is present to various extents 
across the CeMOx supports, labelled as Ov. The assignment of this band to oxygen defects 
is well reported40, 43, 45, 46 and a method for comparing the population of oxygen vacancies 
in a sample has been developed,40, 45, 47 which involves calculating the ratio of the peak 
area of the F2g feature and the Ov feature. 
350 400 450 500 550 600 650 700
Wavenumber (cm-1) 
Figure 5.10 Raman spectra for CeMOx supports: a) Ce0.5Al0.5Ox, b) Ce0.5Ti0.5Ox and 
c) CeZrO4. 
c) 
b) 
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The width and magnitude of the F2g mode is related to the particle size of the material and 
so this method minimises contributions from particle size variations. 
Table 5.3 shows the calculated values for the ratio of the Ov to F2g mode. Ce0.5Ti0.5Ox 
exhibits the highest concentration of oxygen vacancies according to this measurement 
with a ratio of 0.20. CeZrO4 exhibited a ratio of 0.046 while Ce0.5Al0.5Ox had the lowest 
ratio of 0.035. While the Ce0.5Ti0.5Ox had a significantly larger ratio of Ov to F2g, the CeZrO4 
and Ce0.5Al0.5Ox had similar values, implying that there was not a significant difference in 
the concentration of oxygen vacancies. The importance of oxygen vacancies for a catalyst 
support in the WGS reaction is well known: Fu et al. showed that the defect sites in CeO2 
are important for the anchoring of Au on the support; a high density of defects gives rise 
to a high number of Au nucleation sites, yielding a catalyst with a high number of active 
sites. In addition to this, the work of Zhou et al. recently showed that the oxidation state 
of Ce influences the growth of Au nanoparticles on CeO2 supports.
48 Specifically, on 
reduced CeO2 Au nanoparticles were flatter in shape compared with those on fully 
oxidised CeO2. 
Table 5.3 Physical and chemical properties of CeMOx supports 
Sample 
Wt % Au 
(MP-AES) 
Specific 
surface area 
(m2 g-1) 
Crystallite 
size ( Å) 
(XRD) 
Lattice 
parameter, 
a (Å) (XRD) 
Hydrogen 
consumption 
in TPR (μmol) 
Ov/F2g 
(Raman) 
Ce0.5Ti0.5Ox 1.30 143 42 5.40 26.0 0.20 
Ce0.5Al0.5Ox 1.45 158 370 - 13.4 0.03 
CeZrO4 1.59 83 71 5.35 40.1 0.05 
 
XPS 
XPS was used to analyse the nature of the supported gold and the mixed metal oxide 
supports. The Au 4f spectrum was measured and the various gold species in each catalyst 
was identified by deconvolution of the line shape. A stack of the Au 4f spectrum for each 
of the three catalysts of interest is shown in Figure 5.11, which also includes the Ce 3d 
spectra for each of the samples. There are a three gold species present in each catalyst, 
indicated by the dashed lines in Figure 5.11 and quantified in Table 5.4. They have been 
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assigned to the following Au states, consistent with the convention established in Chapter 
3: Firstly, the most intense peak at 84.0 eV in the Au/CeZrO4 catalyst is due to metallic Au. 
Secondly, there is a peak at 85.4 eV that corresponds to “small gold nanoparticles” as 
explained in Chapter 3. Finally, there is evidence of Au3+ at 86.9 eV. The position of each 
XPS feature is shown below in Table 5.4. This also shows the composition of each gold 
species. 
In Chapters 3 it was shown that the feature assigned to small gold nanoparticles was 
much smaller in the used Au/CeZrO4 catalyst after a WGS reaction, suggesting sintering 
was occurring. In Chapter 4 the concentration of the same feature was plotted against the 
catalytic activity for AuPd/CeZrO4 catalysts, showing the importance of a small particle size 
in WGS catalysts. In this chapter the concentration of the Auδ+ feature was calculated in 
order to gain an insight into the relative size of the Au nanoparticles. Based on the 
875885895905915925
Binding energy (eV) 
Figure 5.11 XP spectra of Au 4f (left) and Ce 3d (right) regions. From bottom to top: 
Au/CeZrO4, Au/Ce0.5Al0.5Ox and Au/Ce0.5Ti0.5Ox 
81858993
Binding energy (eV) 
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catalytic activity, the concentration of the Auδ+ feature should go in the following order: 
Au/Ce0.5Ti0.5Ox ≥ Au/CeZrO4 > Au/Ce0.5Al0.5Ox. The observed trend is not consistent with 
this which suggests that the support was crucial to determining the catalyst activity as well 
as the nature of the Au. While the Au/Ce0.5Al0.5Ox catalyst exhibited the lowest 
concentration of Auδ+, the differences between the three catalysts was not significant and 
did not fit well with the catalytic activity trend. However, consideration of the Au3+ 
concentration showed a relationship more reflective of the activity measurements: 
Au/CeZrO4 and Au/Ce0.5Ti0.5Ox had approximately the same concentration of Au
3+ (17.8 
and 17.2%, respectively) whereas the Au/Ce0.5Al0.5Ox sample contained 12.6% Au
3+. The 
chemical significance of this species is related to the formation of nanoparticles upon 
exposure to WGS conditions. Tibiletti et al. first reported the high activity of Au/CeZrO4 
catalysts for the WGS reaction and used several characterisation tools, including in situ 
techniques to elucidate the nature of the gold before and during the reaction. Scanning 
transmission election microscopy (STEM) was used on the fresh catalyst to identify 
isolated gold ions. This was consistent with EXAFS and XANES findings, which also showed 
the rapid reduction of Au3+ to form metallic clusters containing approximately 50 atoms.24 
In the context of this work, it appears that a high concentration of Au3+ could be a 
precursor to a high concentration of small Au clusters. However, it is difficult to decouple 
the effect of the support and the effect of the gold species in determining the overall 
catalytic activity. 
Table 5.4 Composition of Au species and position of Au 4f signal in the Au/CeMOX 
catalysts 
Sample 
% Concentration Binding energy (eV) 
Au0 Au
δ+
 Au3+ Au0 Au
δ+
 Au3+ 
Au Ce0.5Ti0.5Ox 58.0 24.9 17.2 84.1 85.2 86.9 
Au Ce0.5Al0.5Ox 70.2 17.2 12.6 83.7 85.1 86.7 
Au CeZrO4 61.4 20.8 17.8 84.0 85.4 86.9 
 
The binding energy of the Au 4f signal of each sample is presented in Table 5.4. It shows a 
variation in the position of the Au 4f 7/2 peak which is most likely due to the variation in 
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the composition of the support. Goodman showed that the binding energy is a result of 
many factors, including initial state effects such as the electronic interaction between the 
gold and the support.49 Another consideration in the position of the Au 4f band is the 
oxidation state of cerium in the support. It was shown by Zhou and co-workers that the 
higher the degree of Ce reduction, the higher the positive shift in binding energy of the Au 
4f spectrum.48 This was due to differences in the size and shape of the gold nanoparticles, 
exemplifying the importance of the nature of the support in the growth of metal 
nanoparticles. Overall, the position of the Au 4f band is a combination of many factors 
that cannot be separated and so inferring significance from it could be misleading. 
The Ce 3d spectrum was analysed to observe the existence of different Ce species. It is 
complex and consists of many peaks. The spectrum is annotated, showing which features 
are the result of Ce3+ and Ce4+ cations. Although tentative Ce3+/Ce4+ ratios have been 
calculated, it is recognised that there are large degrees of uncertainties associated with 
the values. A more detailed explanation of Ce 3d fitting was given in Chapter 3. The 
oxidation state of Ce is significant. Firstly, the oxidation state of Ce gives information 
regarding the number of oxygen vacancies in the sample. These are important for the 
nucleation of gold particles during the preparation of catalysts and activating water during 
the WGS reaction.24, 33-35 Secondly, Zhou et al. recently showed that the extent of 
reduction affects the size and shape of gold nanoparticles.48 Therefore understanding the 
nature of Ce can help to understand the properties of the support and explain their 
catalytic activity. Table 5 shows the Ce3+/Ce4+ molar ratios from XPS. The values for 
Ce0.5Al0.5Ox and Ce0.5Ti0.5Ox are very similar. CeZrO4 exhibits higher concentrations of Ce
3+ 
than the two other supports but the difference is small.  
Also important is the surface composition of the supports. This is also given in Table 5. In 
each case, there is a higher than expected ratio of metal:oxygen. This phenomenon is well 
known and is attributed to weakly bound hydroxyl or carbonate species on the surface.50, 
51 The surface concentration of carbon was not included in the surface concentration as it 
was deemed to be adventitious but given the uncertainty of the chemical composition of 
Ce0.5Al0.5Ox, it is instructive to consider whether there was a large amount of surface 
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carbon present on the Ce0.5Al0.5Ox as this would be consistent with the XRD pattern of 
cerium hydroxy carbonate hydrate. The concentration of C on the Ce0.5Ti0.5Ox, Ce0.5Al0.5Ox 
and CeZrO4 was 9.4, 7.3 and 14.6 at%, respectively. This shows that in Ce0.5Al0.5Ox, the 
surface is not composed of a carbonate. In addition to the metal:oxygen ratio of 
Ce0.5Al0.5Ox that is similar to Ce0.5Ti0.5Ox and CeZrO4, it is likely that the surface is oxidic. 
The presence of Al2O3 at the surface would give a slightly lower surface concentration of 
oxygen, which was consistent with the data in Table 5.5. 
Table 5.5 XPS analysis of Au/CeMOX catalysts 
Sample 
Ce oxidation states 
(At %) 
Surface elemental 
composition (At %) 
Surface metal ratios 
Ce3+ Ce4+ Ce M O Ce:M Metal:Oxygen 
Au/Ce0.5Ti0.5Ox 38.4 61.6 12.0 16.9 70.6 0.71 0.41 
Au/Ce0.5Al0.5Ox 35.9 64.1 9.62 22.5 68.7 0.43 0.44 
Au/CeZrO4 36.8 63.2 16.6 9.24 73.4 1.8 0.35 
SEM-EDX 
SEM-EDX was carried out to investigate the bulk elemental composition of the synthesised 
supports. In addition to this, the homogeneity of the material was also assessed by 
calculating the variation between three different sites of interest. The results are shown in 
Table 5.6. As described in Chapter 2, the bulk elemental composition was calculated by 
investigating three sites of interest on the support. The variation of the Ce:M was then 
calculated by expressing the standard deviation of each sample as a percentage of the 
average Ce:M ratio. For example, the Ce0.5Al0.5Ox exhibited a Ce:Al ratio of 1.42 and the 
average variation was 44.6%. This means that on average, there was a difference of 44.6% 
between the measured Ce:Al ratios at each site. This represents a very large variation and 
shows that the material is not homogeneous in nature. 
The Ce0.5Ti0.5Ox support exhibited a molar ratio of 0.94, close to the nominal value of 1. In 
addition, the two metals were homogeneously dispersed through the material, showing 
an average variation of 5.1% between different sites. The CeZrO4 support exhibited a Ce:Zr 
ratio of 1.23, slightly higher than the nominal value of 1. The standard deviation was 
calculated as 15.5% showing it to be more homogeneous than Ce0.5Al0.5Ox but less so than 
Ce0.5Ti0.5Ox. Ce0.5Al0.5Ox had the highest average Ce:M ratio of 1.42 although the high 
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average variation between sites means that in certain areas, the Ce:Al ratio was 
significantly different.  
Table 5.6 EDX analysis of CeMOX supports showing the bulk composition and the 
standard deviation across three sites of interest. 
Sample 
EDX 
Ce:Ti molar ratio Average variation (%) 
Ce0.5Ti0.5Ox 0.94 5.1 
Ce0.5Al0.5Ox 1.42 44.6 
CeZrO4 1.23 15.5 
 
It is instructive to compare the surface and bulk composition of the material, in particular 
the Ce:M ratio. The surface Ce:Al ratio of Ce0.5Al0.5Ox was 0.43 but the bulk ratio was 1.42. 
This is a significant difference and highlights the importance of characterising the surface 
of catalysts as well as the bulk. While there is an excess of Ce in the bulk of the material, 
there is an excess of Al at the surface of the material, where the chemical reactions take 
place. It should also be noted that the support could be as inhomogeneous as the bulk and 
so while the sample analysed had a large amount of Al at the surface, other parts of the 
support could have a more Ce-enriched surface.  
Summary 
The initial work into modifying the support through substituting Zr for Al or Ti showed that 
Ce0.5Ti0.5Ox was a promising support to investigate further. The combination of these two 
metals gave a more stable catalyst than the benchmark Au/CeZrO4 catalyst. 
Characterisation showed that the Ce0.5Ti0.5Ox had a higher surface area and smaller 
crystallite size than the CeZrO4 supported catalyst in addition to good redox properties. 
Furthermore, Raman spectroscopy showed significant oxygen vacancies in the support. 
EDX confirmed that the ratio of Ce:Ti was close to the nominal value and the material was 
homogenous in nature.  
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5.4. CeaTi1-aOx as a catalyst support 
Preliminary studies indicated that Au/Ce0.5Ti0.5Ox was more stable than Au/CeZrO4 under 
WGS conditions. In order to investigate this in more detail, the Ce:Ti molar ratio of the 
support was varied using the same sol-gel method as used previously. Furthermore, the 
monometallic metal oxide supports were also synthesised using the same procedure. 
The following supports were prepared: 
 TiO2 
 Ce0.1Ti0.9Ox 
 Ce0.2Ti0.8Ox 
 Ce0.5Ti0.5Ox 
 Ce0.8Ti0.2Ox 
 Ce0.9Ti0.1Ox 
 CeO2 
For the mixed metal oxides, the supports are referred to as CeaTibOx, where a and b refer 
to the nominal molar ratios of each metal or as Ce0.5Ti0.5Ox to signify the series of catalysts 
prepared. Using the standard DP method used throughout this work, 2 wt% Au was 
deposited onto each of the supports. 
5.4.1. The catalytic activity and stability of Au/CeaTi1-aOx  
The range of catalysts described above was tested under the standard WGS conditions 
described in Chapter 2.3.1. The catalytic activity is shown below in Figure 5.12. The 
activity data is presented as a function of the Ce:Ti ratio. The Ce:Ti ratio of the support is a 
significant factor in determining the catalytic activity. The most active catalyst was 
Au/Ce0.2Ti0.8OX, which exhibited conversions of 300 mol CO h
-1 molmetal
-1. The Au/CeO2 
catalyst is active but exhibits poor conversions. The introduction of Ti to the support 
results in a significant increase in the catalytic activity: The substitution of just 10 mol% of 
Ce for Ti resulted in just under an 8-fold increase in WGS activity. The WGS activity 
increases with additional Ti content in the catalyst until it reaches a maximum at 20 mol% 
Ce. Interestingly, Au/Ce0.1Ti0.9Ox was not active for WGS, which given that Au/Ce0.2Ti0.8Ox 
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was the most active catalyst, was surprising. The role of the CeOx component in the 
catalyst is to provide sites of the activation of water. Au/TiO2 is not active for WGS at low 
temperatures because of the poor ability of TiO2 to achieve this.
24, 52 In the case of the 
Au/Ce0.1Ti0.9Ox the small quantity of CeOx present might not generate many sites for the 
activation of water. 
 
The stability of these catalysts was measured by plotting the normalised conversion of 
each of the active catalysts over 16 hours, using the conversion after 90 minutes as the 
first measurement to allow for complete stabilisation of the system. These data are 
presented in Figure 5.13, below. There is a large variation in the stability of each catalyst. 
The least active catalyst was Au/CeO2, which retained just 55% of its activity over the 
time-period studied. There is a high degree of error associated with this dataset because 
of the low conversions exhibited. This was also found in similar datasets in Chapter 4. As 
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Figure 5.12 WGS activity for Au/CeaTi1-aOx catalysts after 90 minutes on-line.  
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in the activity plot, the addition of a small amount of Ti enhanced the catalysts stability. 
Au/Ce0.9Ti0.1Ox retained approximately 62% of its original activity although this was still 
less stable than the two most active catalysts: Au/Ce0.2Ti0.8OX and Au/Ce0.5Ti0.5OX. Both of 
these catalysts had remarkably similar deactivation rates, retaining 84% of their original 
activity. 
 
The testing data of the gold supported on ceria-titania led to the following conclusions. 
Firstly, the mixed metal oxide system is more effective than either monometallic metal 
oxide as a support in the WGS reaction, with Ce0.2Ti0.8Ox exhibiting the highest stability 
and activity. Furthermore, under the reaction conditions investigated, the catalysts are 
not active when the Ce content of the mixed metal oxide is less than 20 mol%. The 
stability studies showed that Au/Ce0.2Ti0.8Ox and Au/Ce0.5Ti0.5Ox were the most stable 
catalysts. In order to learn why these catalysts were more active and more stable, 
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Figure 5.13 Normalised conversion plot for a selection of Au/Ce0.5Ti0.5Ox catalysts: Au/CeO2 
(♦), Au/Ce0.9Ti0.1OX (■), Au/Ce0.5Ti0.5OX (▲) and Au/Ce0.2Ti0.8OX (×). 
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extensive characterisation was carried out to measure the textural, physical and chemical 
properties of the synthesised supports in order to identify the key properties for an active 
WGS catalyst support. 
5.4.2. Characterisation of Au/CeaTi1-aOx 
The activity data presented in Figure 5.12 was calculated using the moles of metal 
determined using MP-AES. This technique can also be used to show the actual metal 
loadings of each catalyst. These are given in Table 5.7. It can be seen that the metal 
loadings vary significantly across the range of catalysts and is dependent on the Ce:Ti 
molar ratio. The higher the Ce content, the higher the metal loading. Au/CeO2 has 1.72 
wt% Au whereas Au/TiO2 has just 0.09 wt% Au. The variations in metal loading can be 
rationalised by consideration of the nature of the metal surface in solution and the 
interaction of the Ce and Ti component with the Au hydroxyl species in solution. The 
loadings suggest that the Au species has a lower affinity for the titania surface than the 
ceria surface and so the loading is determined by the surface composition of the mixed 
metal oxide. This could be the result of several factors, such as the surface charge of each 
support at pH 8 as well as the number of nucleation sites present on the surface. Another 
factor to consider is the number of nucleation sites on the support surface. Oxygen 
vacancies have been reported to serve as nucleation sites for Au nanoparticles so this is 
also relevant.33-35 In the Ce0.1Ti0.9OX and Ce0.2TiOX catalysts, the composition of the support 
changes by a small amount whereas the gold loading almost doubles. This could be due to 
the creation of oxygen vacancies in the Ce-containing parts of the support. 
N2 physisorption 
N2 physisorption was used to measure how the surface area of the supports varied with 
Ce:Ti molar ratio. The data are shown in Table 5.7. There were significant differences in 
the CeTi oxides. The monometallic oxides have relatively low specific surface areas 
compared to the mixed metal oxides. The highest surface area was observed in the 
Ce0.2Ti0.8OX support, significantly larger than any of the other supports. The importance of 
a high surface area support is well known: Higher metal dispersions can be achieved and 
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particle agglomeration is less likely as each metal nanoparticle is situated further from one 
another. The origin of the high surface area could be the particle size of the supports. 
Wang and co-workers recently prepared and studied a series of Ce, Ti and Ce-Ti oxides for 
the combustion of 1,2-dichlorobenzene.11 The surface area measurements were 
consistent with those in this work, whereby the mixed metal oxides exhibited higher 
surface areas than either CeO2 or TiO2. This effect was also reported by Song and co-
workers.53 
XRD 
Figure 5.14 shows the XRD diffractograms of the CeaTi1-aOx supports. The XRD pattern of 
CeO2 is well studied and consists of several features. The most intense reflection occurs at 
28.7 o, 33.2o, 47.6o and 56.5o, which respectively correspond to the (111), (200), (220) and 
(311) planes of the fluorite-type cubic structure. These features decrease in intensity as Ti 
content increases, with Ce0.8Ti0.2Ox and Ce0.5Ti0.5Ox retaining a fluorite structure. 
Ce0.2Ti0.8Ox and Ce0.1Ti0.9Ox are amorphous. The TiO2 sample has a characteristic pattern 
associated with the anatase phase of TiO2.
7 This trend is very similar to that observed by 
Wang and co-workers for a similarly prepared series of Ce0.5Ti0.5Ox supports. The lattice 
parameter of the cubic fluorite phase was calculated and is presented in Table 5.7. The 
lattice parameter is determined by a number of parameters, including the crystallite size 
and the molar ratio of the Ce and Ti. It also depends on the amount of Ce3+ in the 
sample.54 Zhou et al. reported that single-phase solid solutions of Ce and Ti were formed 
when there was 80 and 90% Ce content and also noted that the lattice parameter did not 
significantly change from that of pure CeO2. The materials exhibited enhanced redox 
properties.55 
Using the Scherrer equation, the crystallite size of some of the Ce0.5Ti0.5Ox supports was 
estimated from the (111) plane. This is shown in Table 5.7. The observed decrease in 
crystallite size is consistent with an increase in the surface area of the supports and the 
crystallite size trends of previous publications.7, 11 
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Table 5.7 Properties of the gold supported CeaTi1-aOx catalysts 
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Figure 5.14 XRD diffractograms of CeaTi1-aOx materials: a) TiO2, b) Ce0.1Ti0.9OX, c) 
Ce0.2Ti0.8OX, d) Ce0.5Ti0.5OX, e) Ce0.8Ti0.2OX, f) Ce0.9Ti0.1OX and g) CeO2. 
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Raman spectroscopy 
Raman spectroscopy was utilised in order to supplement the analysis of the phases of the 
support as well as reveal information regarding the defect sites in the supports.40 The data 
is presented in Figure 5.15 The main features observed were similar to that of Ce0.5Ti0.5Ox 
Sample 
Wt % 
(MP-AES) 
Specific 
surface area 
(m2 g-1) 
Crystallite 
size (Å) 
Lattice 
parameter (Å) 
CeO2 1.72 62 123 5.390 
Ce0.9Ti0.1OX 1.70 106 51 5.396 
Ce0.8Ti0.2OX 1.39 168 39 5.396 
Ce0.5Ti0.5OX 1.30 143 42 5.398 
Ce0.2Ti0.8OX 1.08 300 amorphous - 
Ce0.1Ti0.9OX 0.69 191 amorphous - 
TiO2 0.09 13 145 6.071 
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Figure 5.15 Raman spectra of CeaTi1-aOx supports: a) Ce0.2Ti0.8Ox, b) Ce0.5Ti0.5Ox, c) 
Ce0.8Ti0.2Ox, d) Ce0.9Tio.1Ox and e) CeO2. 
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when the Ce mol % was above 50. 40 The spectra featured the F2g mode associated with 
CeO2 at 460 cm
-1 and the weak feature at 600 cm-1 associated with oxygen defects. The 
positions of the F2g band vary across the range of Ce0.5Ti0.5Ox samples. 
The shift in the position of the F2g band is most likely due to a number of factors. Herman 
et al. found that the size of a CeO2 nanoparticle affected both the position of the band as 
well as the line shape. Smaller particles gave broader, more asymmetric bands at lower 
energies.43 In addition to this, the intensity of the band has been shown to be proportional 
to the particle size of CeO2
44. The qualitative interpretation of this fits well with the XRD 
data: CeO2 has the most intense Raman F2g band, while the Ce0.5Ti0.5Ox mixed metal oxides 
have much less intense bands. The weak band at 600 cm-1 was also examined in the same 
way as was done for the CeMOX catalysts in Chapter 5.3.2. This section also described the 
importance of oxygen vacancies in catalysts supports for the WGS reaction. The 
concentration of oxygen vacancies was estimated by measuring the ratio of the F2g mode 
and the OV mode at 600 cm
-1. The calculated ratio for the Ce0.5Ti0.5Ox supports is shown in 
Figure 5.16. As Ti is introduced, there is a significant increase in the relative size of the 
shoulder at 600 cm-1 which was attributed to the formation of oxygen defects in the 
sample. Ce0.5Ti0.5OX exhibits the highest F2g/OV ratio of the samples examined. 
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Figure 5.16 Quantification of oxygen vacancies on Ce-based oxides as determined from Raman 
spectroscopy 
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Samples of Ce0.5Ti0.5Ox where there was more than 50 mol% Ti did not exhibit the F2g band 
in their Raman spectrum and so it was not possible to calculate a ratio. Therefore it is 
unclear from the Raman data alone if there were high concentrations of defects in these 
samples. However, there is a clear shoulder in the Ov region which implies the presence of 
oxygen vacancies.  
XPS 
XPS was used to determine the surface composition of the oxides and to quantify the 
oxidation states of the constituent metals. The nature of the gold was analysed by 
examining the Au 4f signal. The peak fitting is shown in Figure 5.17. The number of species 
varies in each sample and the composition of the different Au species is shown in Table 
5.8 below. The XP spectrum of the Au 4f region was analysed according to the standard 
procedure employed throughout this thesis. Au0 was identified by a peak at 84 eV, a peak 
at 85 eV was due to Auδ+ (attributed to small gold nanoclusters) and a peak at 87 eV was 
due to Au3+. For the Au/TiO2 and Au/Ce0.1Ti0.9OX catalysts, no Au
3+ was detected. In each of 
the catalysts the majority of the Au species was metallic Au, Au0. In Chapters 3 and 4 the 
concentration of Auδ+ was consistent with small gold nanoparticles. In Chapter 4 a strong 
correlation between the concentration of Auδ+ and WGS activity was observed. In Chapter 
5.3.2 the importance of Au3+ was discussed in relation to previous reports that it is the 
precursor of well-dispersed nanoclusters.24 The composition of the different gold species 
does not correlate well with the catalytic activity across the range of catalysts studied, 
suggesting that the properties of the support were highly important in producing an active 
WGS catalyst. Interestingly, the Au/Ce0.9Ti0.1OX catalyst contained large quantities of Au
3+, 
which would suggest that the gold is present in a highly dispersed form but the species 
associated with small gold nanoclusters had a significantly smaller concentration than 
other catalysts. In terms of WGS activity, it was less active than Ce0.5Ti0.5OX and more 
active than CeO2 and followed the expected trend, illustrated in Figure 5.12. 
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Table 5.8 XPS analysis of the Au 4f spectrum for a range of Au/CeaTi1-aOx catalysts 
Sample 
% concentration Binding energy (eV) 
Au0 Auδ+ Au3+ Au0 Auδ+ Au3+ 
Au/CeO2 63.0 26.7 10.3 83.6 85.1 86.9 
Au/Ce0.9Ti0.1OX 68.3 10.7 21.0 84.3 85.7 86.8 
Au/Ce0.8Ti0.2OX 57.7 29.7 17.2 83.9 85.2 87.0 
Au/Ce0.5Ti0.5OX 58.0 24.9 17.2 84.1 85.2 86.9 
Au/Ce0.2Ti0.8OX 50.6 28.2 21.1 84.1 85.2 86.9 
Au/Ce0.1Ti0.9OX 75.1 24.9 - 84.2 85.5 - 
Au/TiO2 83.6 16.4 - 83.3 85.0 - 
 
80848892
Binding energy (eV) 
Figure 5.17 XPS analysis of the Au 4f spectra of Au/CeaTi1-aOx catalysts: a) Au/TiO2, b) 
Au/Ce0.1Ti0.9OX, c) Au/Ce0.2Ti0.8OX, d) Au/Ce0.8Ti0.2OX, e) Au/Ce0.9Ti0.1OX and f) Au/CeO2. 
Au3+     Auδ+         Au0 
f) 
e) 
 
d) 
c) 
b) 
a) 
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The Ce 3d spectrum was investigated to observe the relative population of Ce3+ and Ce4+ 
ions in the range of Ce-containing mixed metal oxides. Using the model proposed by 
Burroughs,22 the Ce 3d region was deconvoluted into several peaks, described in full by 
Burroughs and in Chapter 3. Although the Ce3+ and Ce4+ surface concentration is 
presented below in Table 5.9, there is not a strong correlation between the Ce species and 
the Ce:Ti ratio. In fact there is very little variation at all across the range of Ce0.5Ti0.5Ox 
materials.  
One possible explanation for this is that under the experimental conditions, in particular 
exposure to the x-ray beam, reduction of the material occurs.7 Based on the Raman 
spectroscopy that showed Ce0.2Ti0.8OX to have a very high level of oxygen defect sites, a 
high proportion of Ce3+ would be expected at the surface, and a low surface concentration 
of oxygen. The O content is consistent across the range of Ce0.5Ti0.5Ox catalysts. 
Table 5.9 XPS data for Au/CeaTi1-aOx catalysts 
 
The surface Au content is shown as a function of the total Au loading determined using 
MP-AES in Figure 5.18 (left) and approximates the trend observed in the MP-AES data: As 
Ti is introduced to the CeO2, the Au content decreases. The dispersion of the Au can be 
indirectly measured by considering the relative quantity of “surface Au”, determined using 
XPS and “total Au”, determined using MP-AES.  
When the Au mol% determined from XPS is divided by the Au loading from the MP-AES to 
give a ratio of “surface Au” to “total Au”, an interesting trend is observed. This is shown as 
Sample 
Ce species 
(At %) 
Surface elemental 
composition (At %) 
Surface atomic 
ratio 
Ti 2p 
(eV) 
Ce3+ Ce4+ Ce Ti O Ce:Ti M:O 
Au/CeO2 39 61 28 0 71 - 0.4 - 
Au/Ce0.9Ti0.1OX 38 62 26 3 71 10.5 0.4 457.9 
Au/Ce0.8Ti0.2OX 39 61 22 5 72 4.6 0.4 458.1 
Au/Ce0.5Ti0.5OX 38 62 12 17 71 0.7 0.4 458.1 
Au/Ce0.2Ti0.8OX 38 62 14 15 70 0.9 0.4 458.1 
Au/Ce0.1Ti0.9OX 41 59 3 27 70 0.1 0.4 458.4 
Au/TiO2 - - - 30 70 - 0.4 458.5 
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a function of Ce mol% in Figure 5.18 (right). The higher the ratio, the more Au was 
detected by XPS as a proportion of the total amount measured using MP-AES. The trend is 
clear: As Ce content increases, the metal dispersion increases. The Au/Ce0.9Ti0.1OX catalyst 
is a clear outlier and could indicate a large particle size of Au. In this sample, a relatively 
small amount of Au was detected compared to the quantity that was detected by MP-AES 
and so one explanation is that the Au particle size is large and XPS cannot probe deep 
enough into the sample to detect it. This was consistent with the low Auδ+ concentration 
in the sample. The assumption of this analysis is that the materials are not significantly 
porous. A porous material could support a considerable amount of gold that was inside 
the pores and potentially invisible to XPS. This could then explain why low Au content was 
detected in the XPS analysis. The general trend was surprising, because the most active 
catalysts for WGS (where Ce mol% = 20-50%) exhibited quite poor ratios of surface/total 
Au. This might suggest that the role of the support was particularly important in the range 
of Au/Ce0.5Ti0.5Ox catalysts. In addition, the supports where Ce mol% =20-50% exhibited 
the highest surface areas measured which could imply a considerable degree of porosity 
and therefore significant quantities of the gold could be buried beneath the detection 
range of the XPS. Electron microscopy would be able measure the particle sizes and 
determine if the trends observed in Figure 5.18 are related to metal dispersion. Overall, 
the Au 4f XPS region showed large variations in the Au species present on the different 
catalysts. The most active catalysts featured high concentrations of non-metallic Au 
species, which was previously associated with well-dispersed, small Au particles. The high 
concentration of defect sites in the more active catalysts, as determined using Raman 
spectroscopy fits well with the XPS data, as it known that defect sites in CeO2 can give rise 
to well dispersed Au. 
The interaction of the Ti and the Ce was investigated by considering the position of the Ti 
peak. Shifts in the binding energy have previously been reported in mixed metal oxides of 
Ce and Ti.11 Table 5.9 shows the binding energy of the Ti 2p signal and Figure 5.19 shows a 
plot of the line shapes for the corresponding spectra. The XP spectra of Au/Ce0.9Ti0.1OX and 
Au/Ce0.8Ti0.2OX were magnified by 10 and 5 times, respectively for clarity. 
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The Ti 2p region consists of two peaks: In the TiO2 sample, the 2p3/2 feature is positioned 
at 458.5 eV which is due to Ti4+. The split spin-orbit component is offset by 5.7 eV. The 
position of the 2p3/2 feature shifts according to the Ce:Ti ratio. This is illustrated in Figure 
5.19 by the dashed line centred at 458.5 eV. The shifts in the binding energy were ascribed 
to the partial reduction of Ti4+ to Ti3+ by Song and co-workers53 and Wang and co-
workers.11 However, this could also be due to the incorporation of Ti into the CeO2 
lattice.7 
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Figure 5.18 Left: The correlation between the total Au loading determined using MP-
AES and the “surface” Au determined using XPS. Right: The surface Au:total Au ratio 
expressed as a function of Ce:Ti ratio 
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SEM-EDX 
The bulk elemental composition of the Ce0.5Ti0.5Ox materials is presented in Table 5.10. 
The nominal molar ratio of the Ce and Ti is also shown. The measured values are in good 
agreement with the nominal values of the materials. Each material exhibited a high 
degree of homogeneity. This shows that Ce and Ti are well-dispersed within the material. 
It is instructive to compare the surface composition of the materials determined using XPS 
with the bulk composition determined using SEM-EDX. The surface and bulk compositions 
are similar for most of the Ce0.5Ti0.5Ox materials with two exceptions. The Ce0.5Ti0.5OX and 
Ce0.2Ti0.8OX catalysts showed a higher than expected Ce:Ti surface ratio. The values were 
0.7 and 0.9, respectively. Ce0.2Ti0.8OX in particular had the largest discrepancy as the 
surface Ce:Ti ratio was nearly three times higher than the nominal and bulk composition. 
456461466
Binding energy (eV) 
Figure 5.19 Ti 2p stack of Au/CeaTi1-aOx catalysts. From bottom to top: Au/TiO2, 
Au/Ce0.1Ti0.9OX, Au/Ce0.8Ti0.2OX, Au/Ce0.5Ti0.5OX, Au/Ce0.8Ti0.2OX and Au/Ce0.9Ti0.1OX. 
10x 
5x 
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This is evidence of the surface enrichment of Ce in these two materials. Interestingly, 
these materials exhibited the highest catalytic activity of any of the Au/Ce0.5Ti0.5Ox 
catalysts.  
Table 5.10 EDX analysis of CeMOX supports showing the Ce:Ti molar ratio and the 
variation of the Ce:M molar ratio across different sites of the support expressed as a 
percentage of the average Ce:Ti ratio 
Sample Nominal Ce:Ti ratio 
Ce:Ti molar 
ratio 
Variation in Ce:Ti 
ratio (%) 
CeO2 - - - 
Ce0.9Ti0.1Ox 9 10.2 0.9 
Ce0.8Ti0.2Ox 4 4.8 3.3 
Ce0.5Ti0.5Ox 1 0.94 5.1 
Ce0.2Ti0.8Ox 0.25 0.23 1.0 
Ce0.1Ti0.9Ox 0.11 0.11 0.7 
TiO2 - - - 
5.5. Conclusions 
In this chapter two strategies for stabilising the benchmark catalyst were attempted, with 
varying success: Sub-surface dopants and the substitution of Zr for Al or Ti. 
Sub-surface dopants of Mo 
The rationale behind this investigation was to implement the pioneering work done by 
Freund and co-workers in identifying the role of sub-surface dopants in affecting the 
properties of surface metal particles. It was demonstrated on CaO that sub-surface Mo 
can prevent 3-dimensional growth of a gold nanoparticle due to charge transfer from Mo 
to the surface.4, 5, 56 CeZrO4 was prepared using the sol-gel methodology and a Mo 
precursor was added to the reaction mixture. Several loadings were used and gold was 
subsequently deposited on the surface of the doped support. Characterisation by XPS 
revealed the presence of surface Mo in the majority of samples prepared and the WGS 
activity was shown to be significantly diminished as a result of Mo doping. The activity was 
correlated with surface Mo content as determined by XPS, and gave a clear trend showing 
the higher the Mo content, the lower the WGS activity. Furthermore, there was no 
improvement in the stability of the catalysts prepared. It is clear that the properties of the 
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support, the dopant and the metal nanoparticle must be carefully chosen in order to 
induce such an effect. Furthermore, the preparation of these materials requires a high 
degree of precision, perhaps too high for conventional preparation methods such as sol-
gel to facilitate. It is also noteworthy that there are no reports that the original findings 
have been replicated in powder catalysts. 
Substitution of Zr for Ti or Al 
The effect of the support was probed by substituting Zr for Ti or Al to form a novel mixed 
metal oxide support upon which gold was supported. Comparative stability and activity 
studies showed that Ce0.5Ti0.5Ox was more stable than Au/CeZrO4 under the same reaction 
conditions. Au/Ce0.5Al0.5Ox was the least stable catalyst. The activity of the Au/CeZrO4 
catalyst and Au/Ce0.5Ti0.5Ox was very similar and both catalysts were more active than 
Au/Ce0.5Al0.5Ox. Subsequent characterisation was carried out to probe the surface and bulk 
properties of the Au/CeMOX catalysts. Ce0.5Ti0.5Ox exhibited a high surface area compared 
to CeZrO4 and the crystallite size determined using the Scherrer equation was in the range 
of 4.2 nm. H2-TPR measurements showed that the material was very easily reduced and a 
high concentration of oxygen vacancies were found using Raman spectroscopy. EDX 
confirmed that the material was homogeneous in nature and the actual metal ratio was 
close to the nominal value. 
On the other hand, the Ce0.5Al0.5Ox was inhomogeneous in nature, with large variations 
between EDX measurements. In addition, the XRD showed that crystalline cerium hydroxyl 
carbonate was present, likely residual precursor that was not oxidised fully. The crystallite 
size was measured to be very large although the material did have a high surface area. H2-
TPR measurements showed poor hydrogen consumption which was likely to be due to the 
incomplete formation of the oxide. Raman spectroscopy showed the presence of the F2g 
mode associated with CeO2 and a similar concentration of oxygen vacancies to CeZrO4 
were measured. XPS analysis showed that there was a higher concentration of Au3+ in the 
CeZrO4 and Ce0.5Ti0.5Ox catalysts and this was hypothesised as being a precursor to well-
dispersed nanoparticles of Au as previously reported.24 It was concluded that a 
combination of a high surface area and a small particle size led to many surface defects 
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that could dissociate water and numerous nucleation sites that could anchor gold. This 
was thought to be the origin of the success of Ce0.5Ti0.5Ox as a support. 
Ceria-titania as a catalyst support for WGS 
The enhanced stability of the Au/Ce0.5Ti0.5Ox catalyst led to further work on this mixed 
metal oxide, whereby the effect of the Ce:Ti ratio was varied. A range of Ce0.5Ti0.5Ox 
supports were prepared, including the monometallic oxides. After supporting gold on 
these materials, they were screened for WGS activity and stability. A strong synergistic 
relationship was observed in the supports whereby the monometallic supports (CeO2 and 
TiO2) produced less active catalysts but mixed metal oxide supports generally gave more 
active catalysts. Au/Ce0.2Ti0.8OX was the most active catalyst, converting 300 molCO h
-1 
molmetal
-1 compared to Au/CeZrO4, which converted 263 molCO h
-1 molmetal
-1. In addition to 
this, Ce0.2Ti0.8OX displayed remarkable stability under WGS conditions. While the 
benchmark Au/CeZrO4 catalyst retained 73% of its initial conversion after 16 h on-line, 
Au/Ce0.2Ti0.8OX retained 83% of its original activity. This is a significant difference. 
The origin of this enhanced activity and stability was explored by carrying out extensive 
characterisation. The mixed metal oxides typically had a higher surface area which was 
consistent with smaller crystallite sizes determined using XRD. While the TiO2 support 
showed reflections due to anatase in the XRD diffractogram, the Ce-containing supports 
exhibited a cubic fluorite-type structure similar to pure CeO2. The exceptions to this were 
Ce0.2Ti0.8OX and Ce0.1Ti0.9OX which were amorphous. EDX measurements showed that the 
actual metal ratios were very close to the nominal ones, illustrating the ease with which 
the mixed metal oxides are formed. Raman spectroscopy was used to measure defect 
sites on the metal oxide supports and it was found that the higher the Ti content, the 
higher concentration of defect sites in the Ce-containing oxides. The Ce0.2Ti0.8OX sample 
did not exhibit a typical CeO2 band and so a ratio could not be calculated, although the 
weak band associated with Ce3+ was present, implying the presence of oxygen defects. A 
high concentration of non-metallic Au was observed in the more active catalysts, perhaps 
suggesting differences in the metal dispersion. 
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Overall, the Ce0.5Ti0.5Ox supports exhibited small crystallite sizes and high surface areas, in 
addition to high concentrations of defect sites. These attributes are important for catalyst 
supports in the WGS reaction for several reasons: The defect sites activate water and 
anchor gold. Defect sites were also found to result in strongly bound gold. In addition, the 
high surface area ensures large numbers of active sites can be formed per gram of 
support. However, to confirm the characterisation carried out in this investigation, high-
resolution electron microscopy should be carried out. This would help clarify the origin of 
the stability enhancement seen in the Ce0.5Ti0.5Ox supports. 
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Chapter 6 
 
Conclusions and future work  
6.1.  Conclusions and future work 
The low-temperature WGS reaction is an extremely important process in upgrading H2 
streams in fuel cell technology. The discovery of a stable and active low temperature 
WGS catalyst would represent a significant step forward in realising the potential of 
the hydrogen economy. Au/CeZrO4 is an extremely active catalyst that is susceptible to 
rapid deactivation under reaction conditions. Using state-of-the-art microscopy and 
XPS, the understanding of how this catalyst deactivates under reaction conditions has 
been improved. The electron microscopy data showed clear evidence of particle 
agglomeration and significant morphological changes to the supported Au 
nanoparticles, although evaluating the significance of the morphological changes in a 
statistically relevant way was not possible. To the best of our knowledge, this was the 
first microscopic study of its kind on gold catalysts for the WGS reaction where 
mixtures of gases that are relevant to fuel cell operation were used. In addition to the 
previous work in this area that showed particle de-wetting to play an important role,1 
it was concluded that enhancing the metal-support interaction was integral to 
achieving an active WGS catalyst. The significance of the support reduction was not 
established in this study – future work in this area should aim to achieve this. Studies 
involving careful pre-reduction of the catalyst would achieve this. Furthermore, it was 
observed that the rate of deactivation was highest in the first 6 h. Characterisation of a 
sample after this time would reveal whether other processes are relevant and show to 
what extent the Au particles have sintered after this time. 
A series of AuPd/CeZrO4 catalysts were prepared in order to establish how the 
introduction of a second metal affected the activity and stability of the final catalyst. It 
was found that the combination of Au and Pd yielded a catalyst with equivalent 
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stability and significantly lower activity than the monometallic gold catalyst. The WGS 
activity of the Au44Pd56/CeZrO4 catalyst was less than ten times as active as the 
monometallic Au catalyst. This effect was characterised as anti-synergy because it was 
the opposite observation to many of the reports on AuPd bimetallic catalysts that 
observed a synergistic effect. This anti-synergy was investigated by utilising many 
characterisation tools to understand the properties of the catalyst. 
H2-TPR, CO-DRIFTS and XPS probe different aspects of a catalyst and are based on 
fundamentally different scientific principles. However, in this study complimentary 
information was extracted from each technique. This showed that using multiple 
techniques can greatly enhance the understanding of supported metal catalysts and 
give more weight to the findings of each technique. 
HAADF STEM was used to gain quantitative information on the particle size of the gold 
nanoparticles and corroborated the H2-TPR, CO-DRIFTS and XPS data. HAADF STEM is 
an expensive, time-consuming technique and this work has shown that very similar 
information can be obtained from much simpler characterisation techniques and the 
methods applied in this work could be used in the future as a quick and easy way to 
qualitatively compare metal particle sizes in similar supported metal catalysts. 
HAADF STEM also revealed the presence of different particle morphologies. Further 
work to establish the importance of different morphologies could enhance the 
understanding of the active site. In addition, the nanostructure of the AuPd catalysts 
under reaction conditions was overlooked. The AuPd nanostructure has been shown to 
be dynamic under CO oxidation conditions due to the presence of CO and it is likely 
that the same is true for WGS. In situ studies should be undertaken in order to 
elucidate the nanostructure of the bimetallic catalysts. EXAFS, CO-DRIFTS or ETEM 
could prove powerful tools to achieve this. In addition, EDX measurements on the 
nanoparticles could indicate the position of Au and Pd atoms in the bimetallic particles. 
The AuPd catalysts were also tested for their activity in the mechanistically similar CO 
oxidation and formic acid decomposition (FAD). Geoffrey Bond predicted that FAD 
could be used as a test reaction for WGS activity.2 The observation that in each 
reaction the same catalyst activity was observed confirmed that Bond’s hypothesis was 
correct. In addition, CO oxidation could also be used as a test reaction for WGS activity. 
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It was speculated that similar active sites i.e. small well-dispersed metal particles are 
needed in each reaction, but this was not demonstrated experimentally. While it was 
also hypothesised by Bond that FAD and WGS proceed through the same reaction 
intermediate, this was not investigated experimentally. The work carried out here 
should serve as an incentive to further explore the similarities between FAD, WGS and 
CO oxidation and could reveal common intermediates in the reaction mechanisms. In 
situ techniques such as CO-DRIFTS carried out carefully and quantitatively could help 
to identify such intermediates, as was reported by Meunier et al.3 Furthermore, 
catalysts active for FAD and CO oxidation should be considered for their WGS activity. 
The modification of the support consisted of two strategies. The first strategy involved 
using sub-surface dopants to stabilise the surface gold nanoparticles based on the 
pioneering work by Freund et al.4 However, the doped supports were found to yield 
less active catalysts when the loading of Mo was above 0.1 wt%. XPS showed the 
presence of surface Mo and previous publications that showed Mo to be a poison to 
CeO2 supported WGS catalysts.
5 In addition to this, the inclusion of Mo in the synthesis 
of the CeZrO4 support led to large variations in the Ce:Zr molar ratios and this was also 
likely to affect the WGS activity. Overall, the addition of Mo to the synthesis of CeZrO4 
did not have the desired effect and proved to poison the catalyst. However, the 
prospect of controlling surface metal particles by using sub-surface dopants remains 
an appealing one. If this was successfully implemented it would have significant 
implications for the future design of supported metal catalysts. Future work should 
focus on first reproducing the work done on model surfaces on equivalent powder 
catalysts before introducing new components to the system, such as CeO2, which 
would undoubtedly affect the charge transfer of Mo to the gold surface species. The 
characterisation carried out in this work revealed interactions between Au and Pd and 
electronic modification indicative of an alloy, but a full understanding of the catalyst 
nanostructure and morphology was not able to be achieved. Further characterisation 
on the dynamic nanostructure of the catalysts studied in this work under reaction 
conditions is needed to establish its importance. Recent work carried out by Gibson et 
al. showed that EXAFS could be used follow the restructuring of AuPd nanoparticles 
under CO oxidation conditions. This could be applied to WGS (and FAD) conditions to 
identify further similarities.6 
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The second strategy to develop a stable catalyst was more successful. It was shown 
that the substitution of Ti for Zr to produce Ce0.5Ti0.5OX resulted in a catalyst that was 
as active as and significantly more stable than the Au/CeZrO4 catalyst. Au/Ce0.5Ti0.5OX 
catalyst still exhibited fairly rapid deactivation and would not be stable enough for 
commercial application, but the result was positive nonetheless. Au/Ce0.5Al0.5OX by 
contrast was less stable than Au/CeZrO4 and less active. Characterisation of the three 
catalysts revealed significant differences. Ce0.5Ti0.5OX had a high specific surface area 
and a small crystallite size. It was also highly reducible and was observed to have a high 
concentration of surface O defects. The features that were responsible for its high 
stability were difficult to identify, due to the many parameters that varied between the 
samples, but the high surface area and high concentration of defect sites were thought 
to be important. These defect sites have been reported to strongly anchor gold 
nanoparticles, although this was not demonstrated experimentally. Future work 
should aim to replicate the microscopic study carried out on Au/CeZrO4 on the 
Au/Ce0.5Ti0.5OX to compare the fresh and used samples. In addition, evidence of 
morphological changes could be examined. Au/Ce0.5Ti0.5OX featured a high 
concentration of non-metallic Au – combination of small gold nanoparticles and Au3+ 
which have been reported to be precursors to active sites and small gold 
nanoparticles, respectively.1, 7 Therefore the Ce0.5Ti0.5OX could also facilitate a very high 
dispersion of gold. HAADF STEM would be able to confirm this. In addition, the doping 
of other metals with Ce would reveal whether other mixed metal oxides containing Ce 
could facilitate a similarly high concentration of defect sites and well dispersed gold. 
Ce0.5Ti0.5OX was the subject of further investigation due to the high stability observed 
in the Au/Ce0.5Ti0.5OX catalyst. The Ce:Ti ratio was varied to produce several mixed 
metal oxides. It was shown that Au/Ce0.2Ti0.8OX achieved the highest activity and was 
as stable as Au/Ce0.5Ti0.5OX. Characterisation showed that Au/Ce0.2Ti0.8OX had a very 
high surface area, although it was amorphous and quantification of oxygen vacancies 
from Raman spectroscopy was not possible. Au/Ce0.2Ti0.8OX was observed to a high 
concentration of non-metallic gold, indicating a large number of active gold species. 
The high concentration of these active gold species (Au3+ and Auδ+) was thought to be 
due to the high concentration of defect sites present on the surface. 
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Overall, the modification of the support resulted in a catalyst more active and stable 
than the Au/CeZrO4 benchmark catalyst. The following properties were identified as 
being most important for producing an active gold catalyst: 
 Small crystallite size. This promotes the formation of defect sites and enhances 
reducibility, which in turns facilitates the activation of water. 
 High specific surface area. This can be achieved through ensuring small 
crystallite sizes. It allows gold to be well dispersed on the surface and 
minimises particle agglomeration. 
 High concentration of defect sites. Oxygen defects are responsible for the 
activation of water in the WGS reaction. In addition, these defects serve as 
nucleation sites for gold and contribute to achieving a high dispersion of gold. 
 Sufficient redox properties. Below 20 mol% Ce, it was found that the catalysts 
were not active for WGS. The reason for this was thought to be insufficient 
activation of water as a result of low levels of surface Ce content. Therefore it is 
important to ensure the support has sufficient levels of reducibility at the 
surface to facilitate the activation of water. 
Ce0.5Ti0.5OX and Ce0.2Ti0.8OX exhibited all of these properties and the resultant catalysts 
were stable and very active in the WGS reaction. 
The importance of each component was difficult to evaluate due to multiple variables 
changing between samples. Future work should aim to address this. One strategy 
would be to carry out different heat treatments on the same Ce0.5Ti0.5OX sample. This 
could induce changes to the surface area for example while retaining other factors 
such as the Ce:Ti molar ratio. Subsequent characterisation and catalyst testing could 
show different parameters to be more important than others. 
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